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ITH the increasing use of electrie power, the size of
electric generating systems has steadily increased,

from the small electric lighting stations of the early days,
with two or three, 30- or 60- kw. high-frequency alter-
nators, to the huge metropolitan systems, with several
hundred thousand kilowatts of steam turbine alternators.
The problem of close inherent regulation of the gen-

erators, that is, of constancy of voltage under sudden
changes of load, has ceased, since no possible sudden
change of load-short of short circuit-is sufficient to
appreciably affect the voltage of these big systems. The
reverse problem however has become serious, that of
limiting the power which can accidentally be concen-
trated at any point of the system, and its destructiveness.

With the increasing size and extent of systems, they
were divided into a number of generating stations, more
economically to cover the territory, as under present con-
ditions there seemed to be no material gain in going much
over 100,000 kw. in one station. Thus usually two to
four or more main generating stations are used, and a
number of smaller secondary generating stations to
stabilize the power at the end of long feeders, in outlying
centers of distribution, etc.
Economy and reliability of operation demands parallel

operation of the entire system, and synchronous opera-
tion of all the generating stations is thus the universal
custom.

In the former 250-volt direct-current generating sys-
tems, from which most of the large-metropolitan systems
have developed, sub-division in a number of generating
stations limited the mower which could be developed at
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any point, and thereby its destructiveness, by the
resistance of feeders and mains. In the present three-
phase systems, interconnected by and distributing
through underground cables, at 6600 to 22,000 volts,
the impedance of these cables is entirely insufficient to
limit the power concentration possible at any point of the
system, and special means of limiting the possible power
concentration in these systems thus became necessary.
This problem became aggravated by the inherent char-
acteristics of high-speed steam turbine alternators, which
have completely superseded the former low-speed engine
driven machines.

In the belt driven 60-cycle alternators of former days,
the output was from 15 to 30 kw. per machine pole; in
the 25- cycle slow-speed engine driven multipolar alter-
nators such as were installed in the first Metropolitan
Railway station of New York City, etc., the output was
about 100 to 125 kw. per maehine pole, while in the
modern high-speed steamn turbinie alternator- values of
15,000 to 20,000 kw. per machine pole have become
necessary. This meant enormously larger magnetic
fluxes and correspondingly larger armature reactions per
pole. But with increasing output per pole, the'effective
or equivalent reactance of armature reaction (which is
not instantaneous, but requires several seconds to
develop) increases at a faster rate than the true or self-
inductive reactance of the armature (which latter is
instantaneous, and thus the only reactance which limits
the momentary short-circuit current of the machine).
Thus, while in the early high-frequency alternators the
ratio of effective reactance of armature reaction, to true
self-inductive arm-lature reactarnce, was less than 0.5 to 1,
it has risen in the large low-frequency turbo alternators
to values of 20 to 1, and more. That is, while in the early
high-frequency turbo alternators the momentary short-
circuit current was very little larger than the pernmanent
short- circuit eurrent, in large low-frequency turbo alter-
nators the monmentary short-circuit current may be 20
or more times the permanent short-circuit current. Thus
in a high-power system-] of several hundred thousand
kilowatt connected steam turbine gener atoi- capacity,
without power limiting devices, the momentary short-
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circuit current may represent several million kilovolt-
amperes, with corresponding electrical, therinal and
magnetic stresses. It is not the question whether a circuit
breaker can be designied at all to open safely such power,
but it is the fact that such a circuit breaker would in size
and cost be economically impracticable, when considering
that with the hundreds of feeder cables and intercon-
necting cables of such systemns, several hundreds of such
circuit breakers would be required. The practise of
giving the circuit breakers a considerable time limit so
that they open only after the momentary short-circuit
current has greatly decreased, greatly relieves the circuit
breakers, but at the expense of the system which is
exposed to the full 'momentary short-circuit stresses, and
usually shut down. The use of group circuit breakers in
series to the circuit breakers in the individual feeders
(and usually of larger interrupting capacity than the
latter) reduces the number of high-power eircuit breakers
required and increases the reliability', by having' two
circuit-interrupting devices in series, and thus is exten-
sively used, but by itself does not solve the problem, as
the large number of group circuit breakers places an
economic limit on their interrupting capacity, and the
required time limit of their operation leaves the system
exposed to the full destructive effect of the momentary
short circuit.
Thus power limniting devices have become necessary

and are universally used in all modern high-power sys-
tems, in some form or another. Such power limiting
devices comprise:

1. Power-Limiting Generator Reactors. Besides de-
signing the generator for the highest possible internal
self-inductive reactance which can be given to it without
serious sacrifice of its other characteristics, reactors are
inserted into the leads between generator and busbars,
so as to limit the power, which the generator can feed
into the busbars in case of short circuit at or near the
busbars, and' to limnit the power which the busbars can
feed back into the generator in case of accident to the
generator.
Such power-limiting generator reactors in some form or

another are used wherever the internal self-inductive
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reactance cannot be made sufficiently high (10 to 15 per
cent). The latter frequently is the case with 60-cycle
machines.

Internal reactance of the generator, wherever it can be
secured without material sacrifice of its other charac-
teristics, has the advantage of saving the space and cost
of the external reactance, but is i4ot quite as good in
protective value, since in case of an accident in the gen-
erator, its internal reactance is more or less eliminated,
and thus does not protect against the busbars feeding
back into the generator.
The amount of generator power-limiting reactance

necessarily is limited to that value which does not
materially increase the total (or synchronous) reactance,
of the generator. Thus, with many generators running in
parallel in the system, even with the power limitation of
the individual generators, the total power which may be
developed in case of a short circuit on or near the busbars
becomes excessive. The economic limit of generator
power, which may be concentrated on one busbar, prob-
ably is between 50,000 and 100,000 kw. Beyond this, it
becomes necessary to cut, or divide the busbars, and since
parallel operation is necessary, this may be done by:

2. Power-Limiting Busbar Reactors. These are reac -
tors inserted into the busbars so as to limit the power
which can flow along the busbars from one side to the
other side of the reactor, without interfering with the
flow of such current along the busbars, as may be required
under the variations of load, for synchronous operation,
etc.

Economically, the busbars are naturally arranged so as
to require the minimum average flow of power along the
busbars. That is, the feeders which carry power from
the busbars to the load intermingle with the leads which
bring power from the generators to the busbars. The
power flowing along the busbars thus is the difference
between the incoming and the outflowing power. Theo-
retically, with a ring bus, cut into sections by power
limiting reactors, the maximum power which may have
to flow over any busbar reactor, is one-quarter that of
the smallest alternator connected to the section adjoining
the reactor, and may rise to twice as much, if the busbar
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sections are not connected into a closed ring, but into an
open chain.
The transfer of power from one busbar section to

another, over the dividing reactanice, does not mean a
drop of voltage; but with the same voltage on two busbar
sections the power transfer occurs by a phase displace-
ment between the voltages of the two sections. That is,
if the load on one busbar section increases beyond the out-
put of the generators connected to it, or decreases below
it, power begins to flow over the busbar reactors connect-
ing it with the adjoining sections. The voltages of the
adjoining sections however are kept constant by the con-
trol of the alternator field excitation, at the same value e,
and the reactance voltage i x of the current i, passing
over the busbar reactance x, thus forms an equilateral tri-
angle with the two voltages e of the adjoining busbar sec-
tions. (See Fig. 1.) That is, ix is approximately in quad-

o rature with the section voltages e, and as
ix,as reactance voltage, is in quadrature
with the current i, the current i is (ap-

2w \ proximately) in phase with the generator
e e voltages e, that is, it is an energy cur-

rent. The phase angle 2 co between
the two voltages e of the two adjoining

ix busbar sections then is given by-
Iic,. 1

ix
sin w =-

As the synchronizing power between the adjoining gen-
erator sections is a maximum for 2 co= 90 deg., and
decreases beyond this, no danger of breaking out of
synchronism exists, as long as 2 X is materially less than
90 deg. Thus with a phase angle between the generator
section voltages e, of 2 co = 30 deg., that is, fairly small
phase displacement, it is:

ix= sin 15° = 0.26,2e
or

-= 0.52e

As theoretically i may be limited to one-quarter of the
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full-load current i0 of the smallest generator on the sec-
tion, it would be: .

== 2.08-e
that is, the maximum theoretically permissible buisbar
reactance, at a maximum of 30 deg. phase displacement
between the busbar sections, would be 200 per cent,
referred to the smallest generator on the section, as far
as energy transfer from section to section, with negligible
phase displacement - 15 degrees-is concerned.
As the power-limiting generator reactances were 10 to

15 per cent, or an average of 12.5 per cent, it is seen that
much larger reactances may safely be used in power
limiting busbar reactors than are permissible in power-
limiting generator reactors.

It is advisable to use as large busbar reactances as
possible, to limit the shock of a short circuit at or near a
busbar section as much as possible to this section, that is,
to affect the rest of the system as little as possible.
Where a number of stations are connected together,

operating into the same system, that is, tied together by
interconnecting cables into one bus, preferably a ring bus,
it is advisable as far as possible to locate the power-lim-
iting busbar reactors in the connections between the
stations, that is, tie the stations together over power-
limiting reactors. In this case it is advisable to install
one-half of each of the busbar reactors at each end of the
interconnecting cable, since the probability of short
circuits in the interconnecting cables is far greater than
the probability of short circuits at the busbars, and the
division of the reactor into one half at each end of the
cable, limits the effect of a short circuit in this cable on
the generating stations connected together by it.

3. Feeder Reactors. Even with generator power-lim-
iting reactors, and busbar-dividing reactors, the effect of
a short circuit at or near the busbars is very severe, at
least on that section of the systemn operated from this
busbar, and will probably shut down this section. How-
ever, short circuits oln the busbars are very much less
frequent than short circuits in cables. The installation
of proper feeder power-limiting reactors, by eliminating
the short circuits on feeders, even when occurring very
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near the busbars, fronii directly affecting the busbars,
thus eliminates most of the severe short-circuit shocks
from the generator sections, and is therefore economically
very desirable. While the reactance of the feeder reactor
may be only a small percentage of the feeder rating, it
usually is very much larger than the combined reactance
of the generators feeding into the sections, and the short
circuit beyond even a small (in percentage) feeder
reactor thus involves a very much smaller short-circuit
current than would occur without the feeder reactor, and
thus very greatly reduces the shock. Furtheirmyore, with-
out the feeder reactor, a short circuit in a cable near the
busbars mneans zero voltage (or practically so) at the bus-
bars, that itieans dropping out of synchronous apparatus
(generators, synchronouis mlotors, converters, etc.).
With a short circuit beyond a feeder reactor, however,
considerable voltage is retained at the busbars on the
affected generating station, so that synchronous appa-
ratus is not affected, that is, such a short circuit passes
without material effect on the system, especially if the
circuit breakers are set with short time-limit, which is
permissible due to the greatly reduced current which
they have to open.
By the proper use of power-limniting reactors in gener-

ator leads, busbars, and feeders it has become possible to
operate the modern huge power systems with a high
degree of safety, by limiting the mnaximum power con-
centration which can, in cases of accident, occur at any
point of the system, and to give the possibility of unlim-
ited extension of the system; that is, a power system of
several million kilowatts of connected generator capacity
will be just as safe in the limitation of the possible
destructiveness of short circuits and other accidents, as
a system of less than 100,000 kw. generator capacity.
When thus sectionalizing the system in installing

reactors between the generators, stations, or station
sections, these reactors are very low in reactance, abso-
lutely (of the magnitude of an ohm), and thus permit
ample current to flow over them for all requirements of
the shifting load, without giving appreciable voltage drop
or phase displacement between the sections. But rela-
tive to the station capacity they are, and must be very
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high to fulfill their function, in power limitation. Thus
a reactor of 1.75 ohnms reactance, connecting a 9000-volt
station section of 72,000-kw. generator capacity, passes a
maximum, at the linmits of synchronizing power, of
45,000 kw. of energy, that is, materially less than the
rated generator capacity.
The question then arises, what effect this necessary

sectionalizing of the system by reactors has on the syn-
chronizinig power of the system and thus on the stability
of operation, the more so as in case of accidents or dis-
turbances a local and temporary drop of voltage may
occur, and a corresponding decrease of synchronizing
power.

9000- - - - U-

8000

7000

6000- _ _ _- - - -

4.20 4.10 4 3.50 3.40 3.30 3.20 3.10 '3
P.M. P.M. P.M.

FIG. 2

In illustration of this, Figs. 2 to 5 show the voltage
record during a trouble on Septemnber 18, 1919, in the
Commonwealth Edison Company in Chicago. taken from

9000

8000

7000

60600 __
4.20 4.10 4 3.50 3.40 3.30 3.20 3.10 3

P.M. P.M. P.M..
FIG. 3

Mr. Schuchardt's paper. Fig. 6, gives the diagram of
station connections. The system consisted of four sec-
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tions, A, B, C, and D, interconnected in chain connec-
tion, from A to C and from C to B by power-limiting
reactors of 1.75 ohms per phase; from B to D by six
underground cables of 0.31 ohm joint resistance and 0.074
ohm reactance per phase. Busbar voltage, 9000; load
almost entirely 25-cycle synchronous converters. Con-
nected generator capaeity during the trouble: 237,000

9000___

8000

7000 --

6000 - -

4 20 4 10 4 3.50 3.40 3.30 3.20 3.10 3
P.M. P.M. P.M.

FiG. 4

kw., nearly full load. A dead short circuit close to the
busbars of section B dropped out the converters on sec-
tions B and D, and some converters on sections A and C:
the circuit breakers in the substations opened promptly
and cut off the substations, and the short circuit was
opened in a very few seconds, so that the system was
clear again in three to four seconds, and the voltage

9000 t =_

4.20 4.10 4 3.50 3.40 3.30 3.20 3.10 3
P.M. P.M. P.M.

FIG. 5

should have come back. But it did not come back, but
stayed at zero in both statioAs B and D (Figs. 2 and 3)*,
and showed a permanent great drop in C station (Fig. 4),
and a lesser drop in A station (Fig. 5). Interesting also

*While the charts do not read below 6000 volts, the station volt-
meter showed that there was no appreciable voltage during the
entire period.
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is the wattmeter record of the power exchange between
stations over the tie cables between B and D (Fig. 7):
while usually considerable, practically no power or cur-
rent exchange occurred during the trouble. An exces-
sive current however flowed over the power-limiting
reactor between B and C. This reactor was opened after

7 minutes, thus cutting off sta-
D tions A and C from stations B

and D. With this, the volt-
age recovered in A and B,
but it still stayed at zero in B
and D, without any apparent
reason, until seven minutes

A _ B later, or after about a quarter
of an hour of zero voltage,
just as suddenly full voltage

C' reappeared again in both sta-
FIG. 6 tions B and D, without any

apparent reason.
What happened in this case was, as the investigation

showed, that under short circuit the stations B and D
momentarily dropped to zero voltage and lost their

12,000 - - - -i

8000 -Mr

O~~~~~~ v C a_- ,fi t

4000

4.20 4.10 4 3.50 3.40 3.30 3.20
P.M. P.M.

FIG. 7

synchronizing power. The steam turbines speeded up,
cut off steam by closing their emergency valves, but were
put back on the steam governors; their speeds however
were already too far apart to pull each other into step
promptly, and while the unaffected stations A anrd C
stayed in step with each other, the stations B and D not
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only broke out of synchronism with each other and with
A and C, but the individual machines in B and D broke
out of synchronism with each other. The stations B and
D, and the individual machines in these stations then

90 __80L i
8 7.50 7.40 7.30 7.20 7.10 7

A.M. A.M.
FIG. 8

kept drifting past each other indefinitely, unable to pull
into step, until some of the machines happened to drift
into phase with each other, caught in synchronism and

9000

8000 ___

8 7.50 7.40 7 30 7.20 7.10 7
A.M. A.M.

FIG. 9

thereby established some voltage, and then quickly
pulled all the other machines into step, and the voltage
then came back suddenly.

,9000

8000-

7000
8 7.50 7.40 7.30 7.20 7.10 7

A.M. A.M.
FIG. 10

Figs. 8 to 11 show the voltage records of the same four
stations during a trouble on May 19th, 1919, and Fig.
12 the wattmeter record of the tie cables between B and
D. The station arrangement was the same, the con-



1226 CHARLES P. STEINMETZ [July 1

nected generator capacity 250,000 kw.-about two-
thirds load.

In this case, a generator short-circuited in section A,
pulling the voltage down to practically zero, but was cut
off by the circuit breakers and the system cleared in less
than two seconds, so that the voltmeter record of A

8000

8 7.50 7.40 7.30 7.20 7.10 7
A.M. A.M.

FIG. 11

Fig. 11 shows only a mnomentary drop to zero voltage.
Nevertheless, a voltage disturbance resulted in all four sta-
tions, lasting for over a quarter of an hour; that is, the
voltage greatly dropped, and wildly fluctuated; most at
the source of the trouble, station A; least at the remote
end, in Station D, and the voltage remained low and

4000

800

8 7.45 7.30 7.15 7
A.M. AM.

FIG. 12

fluctuating, for no apparent reason, for 18 minutes, and
then suddenly recovered and steadied down, without
any apparent reason also. An excessive current passed
during the disturbance between stations D and B as
shown by the wattmeter record going off the scale, and
an excessive current between B and C station shown by
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the heating of the reactor. In this case, the stations did
not break out of step with each other, but stayed in
synchronism. In appearance these records look very
mnuch like hunting, or surging of the stations against each
other, and thus are rather disquieting to the station oper-
ation. It is questionable however, whether it is real
hunting.
The question of the synchronizing power of these big

stations and in general of all phenomena of synchronous
operation, as affected by the imnpedance between the
machines, thus is of fundamental importance for the safe
operation of our modern large power systems.

II. PARALLEL OPERATION OF SYNCHRONOUS
MACHINES

A. STEADY STRAIN

Let two alternators or groups of alternators, such as
stations or stations sections, of the same terminal volt-
age, be connected with each other through a reactance,
or more general, through an impedance, and in synchron-
ism with each other.
We may assume the alternators of equal voltage, since

a voltage difference merely superimposes on the syn-
chronizing or energy current flowing between the alterna-
tors, a reactive magnetizing current, without materially
changing the energy relations, and the equations thus are
of the same general characteristics, merely a little more
complicated.

If the loads on the two alternators equal the power
output of the respective machines, no power flows over
the impedance between them. If however, the load on
the one alternator is greater, that on the other alternator
by the same amount less than its output, power must
flow over the impedance. The load on the alternators
varies with the changing conditions in the system; the
relative output of the alternators or group of alternators
however is fixed by the speed governors of their prime
movers and can be varied only in steps, by shutting down
a machine or starting an additional machine. Thus the
output of eaeh generating section cannot always equal
the load on it, and an exchange of power must occur
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between the generating sections, that is, power flow over
the impedance between the generating sections.

Let P = the power flowing from the underloaded to
the overloaded alternator, over a circuit of the imped-
ance z, and let

2 X = the phase displacement between the two
alternators, caused by the flow of power.
The e.m.fs. of the two alternators then may be

represented by
el= co Cos (q-co)
e2 = eocos(4 +co)

where eO - maximum value of e.m.f., and 4 2wrft.
The resultant e.m.f., acting in the circuit between the
two alternators then is

eel -e2
=eo {cos -co)-cos( +o)} (2)
=2 eO sinw sinq

that is, in quadrature with the average voltage of the two
alternators. The interchange current between the two
alternators then is

e
i= (3)

= sin co sin (q-a)
where

Z = Ar2 + x2

r = resistance
x = reactance

of the circuit between the two alternators, including their
internal resistances and reactances, and the phase angle
a is given by

x
tan oa -=

r

The effective value of the current i is then given by
12 eoI = ~~sin co
x

or, if E = effective value of generator e.m.f.,
eO EI<2, and

2 E
I =- sin co

z
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The power consumed in the resistance r of the circuit is
P = 2r

4 E2r s
E2

= 4 E sin2w cos a (5)z

The power of the first alternator then is

pl = eli

=2e0 sinw sin ( a-a) cos -) (6)
z

and the power of the second alternator,

p2 = - 2e2sin x sin (-) cos( + co) (7)
z

The sum of the powers of the two alternators then is
p= Pl + P2

= z sin co sin ( a-) [cos (4-w) -cos(4 + co)]

= 2=ez Sin2w si i(-W

sin2w [cos a -cos(2q- a)]z

and its average value thus is

2e02.2avg. p = sin2co cos a

4E2
sin2co cosa

z

-P1
that is, the sum of powers of the two alternators is the
power consumed in the resistance of the circuit between
them as obvious.
The difference of the powers of the two alternators is

2p = - P2
=2e02

sinco sin( -a) [cos(( -co) + cos(±+ co)]

4 e02
= -eO sin X cos co cos f sin(q - a)

eo22 = - °sin 2 co [sina - sin (2 46 -a)] (8)
z
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and its average value is
eo2avg. 2 p= - sin 2 co sin a

2E2= - sin 2 co sin a
z

22P (9)

The power transfer therefore between the two alterna-
tors (or generating stations or sections of generating
stations) is

E2
P =-sin 2 co sin a (10)

and the leading alternator, e2 delivers power to the
lagging alternator, e,.
The power P is thus zero for co = 0, and it increases,

reaching a maximum

P'm = -sina (11)

for co = 45 deg., or 90 deg. phase displacement between
the alternators, and then decreases again to zero at
co = 90 deg., or phase opposition of the alternators.
Beyond w = 90 deg. the synchronizing power Pm

becomes negative, with the same values, that is, the
alternators synchronize at the next pole.
The synchronizing power P is zero for a = 0, that is,

if the circuit between the alternators contain no react-
ance, but only resistance, and is a maximum when the
resistance is negligible compared with the reactance,
that isa = 90 deg.

PI1m _ E sin 2 c (12)
x

Substituting in ( 10),

sin a =
z

gives
P= 2 xsin 2w (13)

z2

that is, with a given impedance z, and thus given syn-
chronizing current between the alternators, the syn-
chronizing power P is directly proportional to the
reactance x of the circuit between the alternators.
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The maximum synchronizing power between the
alternators thus occurs at phase angle co = 45 deg., that
is, 90 deg. phase displacement, and neglibible resistance,
and is

Pm (14)
x

at current (effective):

imn- E
I
2 (15)

x

and resultant e.m.f.
Em E 12 (16)

In this case, the phase angle 2 X between the alterna-
tors or station sections is constant during operation, but
varies with change of load between the station sections,
and can be kept very small by properly apportioning the
number of generators in operation in each section, to the
respective load on this section.

B3. OSCILLATI ON

Consider again two alternators or groups of alterna-
tors, such as stations or station sections, which are
running in synchronizm with each other, having the same
frequency f, but connected together while out of phase
with each other by an angle 2 c, or thrown out of phase
by some sudden change of load, momentary short circuit,
etc. As is well known, the alternators then oscillate
against each other, with (practically) constant frequency
of oscillation p f, an4 gradually decreasing amplitude of
oscillation, and finally steady down in phase with each
other, at the constant phase angle co deg., determined by
the condition of steady power transfer between the
alternators.

Since, under normal conditions of operation, the steady
phase angle co deg. must be small, we may assume that
the oscillation occurs symmetrically around the position
of the alternators in phase with each other, that is, the
one alternator has the phase -, when the other has
the phase + + w.
The same equations then pertain as in section A,

that is,
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The e.m.fs. of the two alternators are
el = e0 cos j - co)
e2 = eO cos(++) ( 1)

The e.m.f. acting in the circuit between the two
alternators

e = 2 e0 sin X sin )

with effective value
E° = 2 E sinco (17)

The current flowing between the two alternators is,
2 e° sin co sin ( a-) (3)
z

with effective value of

I= 2E sin co (4)

Where z is the impedance of the circuit between the two
alternators or groups of alternators, including their
internal impedance; and the power transferred between
the alternators is

p = sin 2co [sin(2 -a) - sin a] (8)

The first term of (8) is of double frequency, 2f. It thus
does not represent energy transfer between the alter-
nators, but merely represents the energy storage and
return, twice per cycle, occurring in any inductive cir-
cuit. It thus is of no further interest, and is:
Power transfer between the alternators

E2
P = : sin 2w sina (10)

z2
=- 2 sin 2cw ( 12)

In this case, however, the phase angle co of the e.m.f.
is not constant, but pulsates with approximately constant
frequency of the beat, and decreasing amplitude.
Let co, = CwO0 Cat (18)
be the maximum value of the phase angle during each
oscillation (decreasing from its initial maximum value
c0o by the exponential of time E()).
We may then represent the gradually decreasing ampli-

tude of the phase angle co by

co=co,sinp4 } (19p
=Ocooo sin qp
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where p f = frequency of the beat, or the (complete)
periodic variation of the phase angle cw.

In reality, the equations (3), (4), (8), (10) of section A
are not strictly correct for the conditions under investi-
gations in section B, since in the derivation of these
equations, in A, co has been assumed as constant. In
the case of B, oscillation of the alternators, co varies
periodically, is a function of h and thus additional terms
appear in these equations. Since however the frequency
of variation of cw is very low compared with the frequency
of f, p = a small quantity; these additional terms are
small, and the above equations thus are correct with
sufficient approximation, especially in the present case,
where we are essentially interested in the magnitude of
the power relations.

Substituting (19) into (10), gives as the periodically
varying power transfer or synchronizing power,

p = sin a sin 2 (covsin p 4)) (20)

where wo is the maximum amplitude of this oscillation.
The average value of P during the half cycle of oscilla-

tion may be represented by
P0 = avg. P

=E sinog 1-cos2c°° (21)--sina 1

and as the duration to of one-half cycle of oscillation-
during which the power transfer remains in the same
direction-is given by half a cycle of pq$, that is,

p4 = 27rpft0 =w

to= 21 (22)
and the energy transfer between the two machines or
groups of machines, during each half cycle of oscillation,
thus is given by

wo = to Po
E
h sina ( - cos 2cv) (23)4 p f cv0 z

This is a maximum for coo = 90 deg. = 7,and then,

T47= P Z
sina (24)
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Wm thus is the maximum energy which can be absorbed
by the machine or group of machines, without being
thrown out of synchronism. In other words, if a sudden
demand greater than Wm is made on the machine, or if
more energy than Wm is given by the steam supply to the
machine or group of machines, after the load has been
thrown off and before the steam has been cut off, the
maehine is thrown out of synchronism; otherwise it
remains in synchronism and after an oscillation settles
down again in phase.
As seen from the equationis, during each complete

cycle of oscillation, of frequency, p f, the current twice
rises and falls, thus reaching two maxima, and the power
P twice reverses, so that the energy W flows one way
during half the cycle, and in opposite direction during
the other half cyele of oscillation. The frequency of the
rise and fall of the current thus is 2 p f.

Curves I and II in Fig. 13, show the current i and the
voltage el of the oscillation, for the (exaggerated) value
p = 0.1, and for wco = 45 deg. and w0 = 90 deg.

III

Non-Synchronous Drifting

Synchronous Oscinations

FIG. 13

It is interesting to note from equation (20) that the
power transfer P reverses twice per cycle of oscillation
(for p4 = 0 and 180 deg.). If w0 = 45 deg. or less, that
is, 90 deg. or less maximum phase displacement during
the oseillation, then the power P has two maxima at the
maximum phase displacement midway between the
reversal of power, as seen in Curve I of Fig. 14. If how-
ever w0 >45 deg., that is, more than 90 deg. phase dis-
placement, *then the power transfer decreases again at
maximum phase displacement midway between the
reversals of power, and the power transfer has four
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maxima, separated by two reversals and two minima, as
seen by Curve II of Fig. 14; and finally at wc, = 90,
(Curve III in Fig. 14), the power reaches four maxima
and four zero values during each cycle of oscillation, but
reverses only twice. That is, at the moment when the
two alternators are in phase, the power transfer is zero,
the power reveises, and the current is zero, and in phase

Complete Cycle of Oscillation or Slipping

vlg Rotation or pinc dil
FiIG. 14

with7the voltage. With increasing phase displacement,
power and current increase, the power reaches a maxi-
mum at 90 deg. phase displacement between the ma-

chines, where the current is 45 deg. out of phase with the
voltage. WVith further increase of phase displacement
during the swing of oscillation, the power decreases
again, to zero at 180 deg. phase displacement or phase
opposition; but the current continues to increase and
reaches a maximum at phase opposition, with the phase
angle between voltage and current steadily increasing,
to 90 deg., or zero power, in phase opposition. Then,
without reversal of the flow of power, the phase angle
between voltage and current again decreases, the current
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decreases, but the power increases again in the same
direction as before, to the second maximum in the same
half cycle, at 90 deg. phase displacement, and then the
power decreases again, to the reversal. Figs. 13 and
14 well illustrate this.

C. SLIPPING

Consider now the case of two alternators, or groups of
alternators such as stations sections, connected together
while different from each other in frequency by 2 s; that
is, one alternator has the frequency (1 - s)f, the other
the frequency (1 + s)f, and the alternators thus are
slipping past each other with the frequency 2 sf.
We may again assume the alternators as of equal

voltage, since a voltage difference merely superposes on
the synchronizing energy current a reactive magnetizing
current, without materially changing the energy rela-
tions:
The e.m.fs. of the two alternators then may be repre-

sented by
ei = e0 cos (1-s) (25)
e2 = eocos(I +s)4(

The resultant voltage in the circuit between the two
alternators then is

e = e -e2
= e0 [cos (1-s) -cos (1 + s)4s]
= 2e, sin so sinq
= 2 E V 2 sinsc sino (26)

and its effective value
E0 = 2 E sin so (27)

where E = effective value of generator e.m.f.
Assuming now that s is a small quantity (just as we

assumed in section A, that p is a small quantity), that is,
that the two alternators have nearly the same frequency.
The change of sin so then is slow compared with that of
sin4, and for all phenomena of the frequency f, sin so
may be assumed a's constant, and the reactance of the
circuit may be assumed as the same, x = 2 ir f L, for both
component e.m.fs., e1 and e2; that is, for both frequencies
(1- s)f and (1 + s) f.
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The interchange current between the alternators then is

i, -2sin so sin ((P- a)

-2EI2 sin so sin (qi- a) (28)

hence, the effective value is

= E sin sO (29)

where z = V r2 + x2
x

tana = -
r

With regards to the e.m.f. of one of the alternators, for
instance, el, this current always lags. Its lag is 90 deg.
when the current is a maximum. With the decrease of
current, the lag decreases from 90 deg. in the one, and
increases in the next beat, and approaches in-phase
respectively in opposition, when the current is a mini-
mum. The power factor thus varies from zero at
maximum current, to unity at zero current, and its
average thus is low. Fig. 13 shows in Curve III the
relatlon of el to i for the exaggerated value s = 0.09.
The power of the one alternator then is given by

= eo2
=esin s( sin ((P - a) cos (1-ss)

2

4E sin s4' sin (4 - a) cos (1-s)4 (30)

and that of the other alternator by
P2 = e2 i

4E2- - sin s ' sin (-o a) cos (1+s)4 (31)
z

and the power transfer between the two alternators is
given by

2 p = PI - P2

8E sin sq5 sin (-a) cos s4 cos4'
z

2E2
= sin 2 so [sin (24' -a) - sin a] (32)

The first term, with sin (2' - a), is again a double
frequency term representing the periodic storage and
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return of the energy during the half cycle of voltage and
thus does not represent any power transfer, and the
power transfer between the alternators is given by

P = E sin 2 so sina (33)
z

Usually it is approximately, a = 90 deg., that is, the
reactance is large compared with the resistance, and
equation (33) then becomes

P- sin 2 s¢ (34)

During each cycle of the frequency s f, of the slip from
synchronism or average frequency, the amplitude of the
current i twice becomes zero and in phase, and twice
reaches a maximum, when the alternators are in opposi-
tion, and the power p reaches a maximum four times and
becomes zero and reverses four times, twice when the
current comes into phase with the e.m.f., when the cur-
rent becomes zero, and twice when the current is a
maximum, but in quadrature with the e.m.f. and the
power becomes zero. The power transfer between the
alternators thus reverses four times per complete cycle of
slip, s f; that is, it is of the frequency 2 sf, with two
positive and two negative maxima.
The average value of the power is

2 2E2 .2= 2E

sin a (35)

and as the duration of one-quarter cycle of slip is t°
1

= 4 ' the energy transfer between the two machine,
during a quarter cycle of slip is

_ 12W =- P
4sf 7r

E2
2ir sfz sina (36)

There is a difference between the slipping of alternators
past each other out of synchronism, and the oscillation
of the alternators against each other at synchronism (A).
In slipping, the power fluctuation and the reversal of the
energy is of twice the frequency of the current fluctua-
tion, while in the oscillation of the alternators 9,Pr,9in-tf



1920] CHARLES P. STEINMETZ 1239

each other at synchronism, the power fluctuation or
reversal of energy flow is of the same frequency as the
current fluctuation.

If two alternators are connected together while out of
synchronism, and slowly slip past each other, during each
half cycle of slip, or beat, while the two machine e.m.fs.
pass from in-phase, to in-opposition, to in-phase again, a
periodic energy transfer takes place. During one quarter
cycle of slip (that is, while one alternator e.m.f. slips
behind, the other pulls ahead of the mean frequency by
one-quarter cycle, and the two alternators e.m.fs. thus
slip against each other by one-half cycle), the alternators
are partly in phase with each other, and the slower
machine receives energy from the faster machine. The
two machines are thereby brought nearer to each other
in speed; pulled towards synchronism. During the next
quarter-cycle of slip, however, the two alternators are
partly in opposition, and the faster machine receives
energy from the slower one. The faster machine then
speeds up, the slower machine slows down, and the two
machines pull apart again by the same amount by which
they pulled together in the preceding quarter cycle of
slip (if their e.m.fs. are constant). Thus the two
machines can pull into step only if the energy tranisferred
during one-quarter cycle of slip, W, is larger than the
energy required to speed up the momentum, that is,
the kinetic energy M of the machine, to full synchronism.
Due to the energy transfer W between the machines,

resulting in an alternate speeding up and slowing down,
the slip s is not constant, but pulsates periodically,
between the minimum value s -si, at the end of the
quarter cycle during which the machines pull together,
and beginning of the quarter cycle during which the
machines pull apart, and a maximum value s + si, at
the end of the quarter cycle during which the machines
pull apart, and beginning at the quarter cycle during
which the machines pull together-where si is the ampli-
tude of the pulsation of slip. As the energy required to
accelerate the momentum M of the machine by the speed
2 si is 4 si M, it follows that

W = 4s,M
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w
or s=-4 M

E2 sin a
S = 8 sfzM (37)

is the amplitude of the speed fluctuation of the two alter-
nators during the slipping past each other, out of
synchronism with the slip s.

si = s gives as minimum slip, s - si = 0, that is, the
machines pull into synchronism.
The maximum slip si from which the two machines pull

into synchronism with each other, is given by substi-
tuting si = s in (37)

so=E siMa (38)

s, thus is the limit of synchronizing power.
As illustrations, Fig. 14, shows four curves of power

and of current (effective value), the former in solid and
the latter in dotted lines; for oscillation, wo = 30 deg.,
60 deg., 90 deg. and for slipping, I, II, III and IV.
As seen, the single maximum power Curve I, with

increasing swing of the oscillation becomes a double
maximum with a minimum between the maxima, II, the
minimum then decreases to zero, III, at the limits of
synchronizing power, and the power curve then over-
turns, IV; that is, the alternator, instead of swinging
back into phase again, continues to slip and drops into
phase again by skipping one cycle, etc., and thereby the
power transfer curve doubles its frequency by one of
the two lobes of III overturning, while the current curve
remains the same, at the frequency of the beat or slip.

D. PULLING IN STEP
With the two machines out of synchronism with each

other by a greater speed difference 2 s, than that from
which the machines can pull each other into synchronism
within one-quarter cycle of slip, from the equations of C
it would follow, that the machines can never pull each
other into synchronism, if the voltage E is constant, but
must indefinitely continue to slip past each other, coming
nearer together during one-quarter cycle of slip, and
dropping apart again by the same amount during the
next quarter cycle of slip.
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This, however, is under the assumption that the
machine e.m.f., E is constant. In reality, however, E
is not constant, but varies periodically with the same
frequency that the current fluctuates. The current in
the circuit between the machines, and thus the armature
reaction in the machine, varies in amplitude and in phase
difference against the machine voltage, and the machine
voltage varies with the amplitude and the phase of the
armature reaction.

Consider, as an approximation, the arnmature reaction
as proportional to the quadrature component of the cur-
rent. The e.m.f. of the machine would then be expressed
by an approximate equation of the form:

E-E [1 -c sin so sina1 (39)
where c is a constant and 6 is the phase angle between
the current and the e.m.f. and so represents the amp-
litude of the current pulsation, by (29) thus sin S k)
sin 5 represents the quadrature component of the arm-
ature current.
We have, however, from (25) and (29)

(4 -a)-(1-)s)q 900
= -a + 900

thus E' = E {1 + c sin sccos (so -a)} (40)
Substituting (40) into the expression of the power of

the alternator (33), the equations still remain alternating,
that is, there is no resultant synchronizing power, but
equal positive and negative values of power alternate.
However, (40) assumes that the magnetizing effect of

the armature reaction is instantaneous, that is, that the
e.m.f., E, at any moment is the value corresponding to
the armature reaction existing at this mnoment. This,
however, is not the case, and the armature reaction is not
instantaneous, but requires an appreciable timne several
seconds to develop, and the magnetizing or demagnet-
izing effect of the armature reaction on the voltage
therefore materially lags behind the armature reaction.

Let ar = angle of lag of the voltage change behind the
armature reaction which causes it. Then
El = E 1 + c sin socos (s -a -)} (41)
and substitutinig (41) into (33), gives the powver transfer
between the machines:
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1.2
P= sin 2 so sini{1 + c sin s cos (so -aCT) 2

or approximately, considering c as a small quantity,
1.2 2 cE2

P - sin 2 sq$ sin a + sin 2 so sina sinsq$ cos
z z

(so -a-cr) (42)
12.The first term, -sin 2 so sin a, is the slowly alternating

energy transfer between the machines, discussed in
section C, which causes their speed to fluctuate, but does
not pernmanently bring themn nearer to each other; that is,
exerts no synehronizing power unless, during these speed
fluctuations they reach complete synchronism and then
fall into step.
The second term,

pi 2cE sin 2 sq sincasin so cos (so -a - o-)
cE2=-sin2so sina [sin (a-+ ) + sin (2so -a-c)]
_cE2 c El.2c- sin 2 s ¢ sin a sin (a + or) +± 2 sin [cos

z 2 z
(4sf-a -o-) + cos (a + cr)]

cE2 cE2.
- sin 2 s¢sin a sin (a+v)+ 2 sina cos

cE2(4s-a-v) + 2 sina cos (a + ) (43)

The first two terms also are slowly alternating, at
double and quadruple frequency of slip, as they contain
terms with 2 so and 4 so and thus represent no continu-
ous power transfer; the third term, however,

Po _ 2 sin. eos (a + cr) (44)

is constant, that is, represents a continuous synchroniz-
ing power.

If a = 90 deg., that is, the resistance is negligible
compared with the reactance, it is,

cE2
Po= z sin cr (45)

If thus two alternators or station sections are consider-
ably out of synchronizm with each other, they continue
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slipping past each other, with large fluctuating currents
flowing between them, and the speeds of the machines
fluctuating with the fluctuations of the current. These
currents do not decrease in amplitude, but remain of
practically constant value, but their period of fluctuation
gradually gets slower, that is, the fluctuation gradually
becomes slower, while currents slowly pull the machines
nearer into synchronism with each other, or decrease
their frequency difference, until the critical frequency
2 s, is reached (where the acceleration during a quarter-
cycle of slip, 2 si, reaches full synchronism). Then the
machines suddenly drop into synchronism, but oscillate
in phase against each other, with an approximately con-
stant frequency of oscillation, but with a current fluctua-
tion, which steadily (and usually rapidly) decreases,
until steady conditions of speed, current and voltage are
reached.
The armature reaction of the alternator is repre-

sented by the difference of the synchronous reactance x0
and the true reactance xi, that is, by an effective react-
ance of armature reaction.

X2 = Xo - XI

The coefficient c in the synchronizing power, P0 (44)
is that fraction of the reactance of the armature reaction
x2, which appears during the short time of the current
fluctuation. Thus c is the larger, the slower the fluctua-
tion, that is, the less s. In other words, c increases with
decreasing slip, or, increasing approach to synchronism.

Inversely, since o- is a maximum and practically 90 deg.
for large values of s, where the voltage fluctuation lags
practically 90 deg. behind the fluctuation of the armature
reaction, and decreases with decreasing s, that is, increas-
ing approach to synchronism, c sin a- and thus the syn-
chronizing power P0 (44), should be a maximum at some
moderate slip s, and decrease for larger as well as smaller
slips.
Assuming that it takes t, seconds for the field to build

up to correspond to the armature reaction. With the
current fluctuating with the frequency 2 s f, and assum-
ing that the magnetizing effect of the armature reaction
is sinoidal, it would be,
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C 4sft,

and sin =1!I (48 )

thus P0 8,zft0 /1 (4sft)I (46)

However, secondary effects occur and more or less
modify the value PO, such as the effect of secondary cur-
rents, induced in the field structure by that component of
the armature current which is due to the e.m.f. of the
other machine, and which gives an induction motor
torque, tending to pull the machines together into
synchronism.

E. EQUATIONS

z - V r2 + x2 = total impedance of circuit between

alternators. tana = -
r

co = phase angle between alternator e.m.fs.
p f = frequency of oscillation.
sf = frequency of slipping.

A. Continuous B. Ocsillation in C. & D. Slipping
Power Synchronism Out of

Transfer Synchronism

Alternator e. m. fs.
ei = eo cos (q - co). eo cos ( - co) eo cos (1 - s) 0
e2 eO cos (X + ) eo cos ( + co) eo cos (1 + s) f

eO eO eO
Eff. E = -

-V' 2 -V 2 V 2

Resultant e. m. fs.
e = 2esin wsin 0 2esin cosin p 2esins0sin 0

Eff. E0 = 2 E sin co 2 E sin co 2 E sin s
Resultant Current

=2eo 2eo i ) 2 eo
= 2 e sin co sin (o a)0 2 eOsin w sin a)oc 2 eOsln s

z z z

; sin (k-a)
ff 2E 2E 2E

E. I _ 2 cEosmw sin Xmsi sw
z z z
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Continuous Power Transfer
E ~~~cE.

PO sin2wsina 2 sin a cos(a±+o)

Low Frequency Power Fluctuation

p = -sin 2 wo sin ax - sin 2 s 0 sin a
z ~~~~z

Low Frequency Energy Transfer
E2 1-cos2E22-sin2W= sin CY sin az 4p fwo 27rsfz

Attenuation
c) = Ow, sin p f

= oo E-at sinpp
Pulsation of Slip

E2 sin a
=- 8ir sfzM

Critical Slip
E / sin a

80= 2~92irf zM
Pulsation of Armature Reaction

1
C 4 sf t

Lag of Armature Reaction
sino= \/I-C2

It is interesting to note that the limit case of W, in B

for coo =7r and in C, for s so, must coincide. WB =02
2 Wc. This gives,

12I-cos 2c.o, E2 sn
-_sinasia

/Z 4Pf,w2 2/ 2sfss
hence p = SQ
and, substituting for sO

E |sin ax
P 2 '2rfzM

is the frequency of oscillation.
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III. DISCUSSION OF L.m.fs.

The foremost difficulty and uncertainty in the appli-
cation of the preceding equations is found in the selection
of the proper values of the machine e.m.f., E. E is not
the terminal voltage; by slipping past each other without
external impedance, the terminal voltage of the alterna-
tors goes down to zero. Neither is E the "nominal
induced voltage," as this has no actual existence, but is
the voltage which would be induced by the field excita-
tion if the saturation curve of the machine continued as a
straight line. It appears to me that E must be considered
as the "true induced voltage," or actual induced voltage,
that is, the voltage induced by the actual field flux, or the
field flux due to the resultant field excitation and arma-
ture reaction. The armature reaction, however, fluctu-
ates with the current between zero and a maximum,
while the actual field flux often may be assumed as prac-
tically constant, since the magnetic field cannot follow
the relatively rapid fluctuations of armature reaction.
The magnetic effect of the armature reaction is repre-

sented electrically in the synchronous reactance x0. The
synchronous reactance thus consists of a true self-
inductive reactance xi, which is instantaneous, and an
effective reactance of armature reaction x2, which requires
appreciable time to develop, and does not correspond to
any real magnetic flux.

S = X1 + X2

In turbo-alternators, x2 usually is very much larger
than xi.

Electrically, the actual induced e.m.f. thus should be
the nominal induced voltage eo, which corresponds to the
field excitation, less the reactance drop of the average
current in the effective reactance of armature reac-
tion, x2.

If thenl = maximum effectivevalueof the fluctuating

current, then average current is I'and the actual induced
2

voltage is

E = eO _ I X2
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However, in two alternators connected together out of
synchronism, through an additional reactance

2 E = I (2 xi + x)
where x is the 'additional reactance through which the
alternators of actual induced voltage E and true self-
inductive reactance xi are connected together, while
running out of synchronism with each other.
From these two equations it follows that:
Maximum (effective) value of the fluctuating inter-

change current,
I= 2x+x2e+x (47)

and, actual induced voltage,
E = e 2x1 + x (48)

where eo = nominal induced voltage, effective value.
If the alternators are connected through an inpedance

z, z takes the place of x, combining vectorily with x1
and x2.

In this calculation, the armature reaction has been
assumed as demagnetizing, and the impedance voltage
therefore subtracted from the nominal induced voltage.
This appears correct, as the interchange current between
the alternators out of synchronism with each other, is
essentially a lagging current throughout, as illustrated
in Fig. 13.

If the two alternators are in synchronism, but out of
phase with each other by a maximum phase displacement
angle 2 coo, it is

2 E sin co = I (2 xi + x)
and again assuming the armature reaction as demagnet-
izing,

I x2
2

thus, the maximum (effective) value of the fluctuating
exchange current is,

I- 2 eO sin coo (49)2xi+x+x2sin0 (
and, actual induced voltage is,

E 2=xe +x--x2iw (50)whee is tm li+ x + X2 sin ce t
where eo is the nominal induced voltage, effective value.



1248 CHARLES P. STEINMETZ [July 1

However, in this case of alternators in synchronism
but oscillating against each other, at least for small and
moderate values of wc, the interchange current I is essen-
tially an energy current with regards to the machine
voltage, and the reactive component of this current
alternately changes between lag and lead, that is, be-
tween demagnetizing and magnetizing. Therefore, the
correctness is doubtful of subtracting the impedance
voltage from the nominal induced voltage to get the
induced voltage, but it would be

E-= 6e2-i2e22
and as i varies between 0 and I, the average E would be
the mean between eO and V - 12 x22. Thus, combin-
ing with the equation,

2 E sin co = I (2 xi + x)
gives

(2eO (2xi + x) sin w, (51)
(2 xi + X)2 + x22 Sin2 c0

E=e (2x +x)2 +x22 sin2co (52)

It is probable that the true value of E lies between
(50) and (52), but nearer to (52).

Substituting these values (48), (50), (52) into the equa-
tions of A, B, and C, and substituting z = 2 xi + x in
these equations, as the impedance of the circuit between
the two alternators, gives the equations referred to the
nominal induced voltage, eo, that is, the field excitation.
The nominal induced e.m.f., eo, is derived by combining

the terminal voltage e with iz, where z is the total imped-
ance inside of the terminals, true reactance as well as
effective reactance of armature reaction. For non-
inductive load-and synchronous machine load may be
assumed as approximately non-inductive-this gives,

eO= We2+(iX)2

-e 1 + 2 (53)
where t is the percentage reactance, and the resistance is
neglected as small compared with the reactance.
However, this expression neglects the change of

reactance with increase of magnetic saturation, increase
of magnetic leakage between field poles, etc., and there-
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fore, especially in turbo-alternators with their enormous
magnetic fields, high saturation and high field leakage,
this expression is not very accurate, and is reasonably
reliable only in the mean range of current and voltage.

In C and D, the case of two alternators or groups of
alternators out of synchronism with each other, the
equations of synchronizing power, energy and critical
slip: p, p0 W, s, contain the term

2 x1 + x
(2 x1 + x + x2)2

thus are a maximum, if this term is a maximum. This
is the case if x2 = 2 xl + x
or x = -2 xl (54)
The synchronizing power between alternators out of

synchronism with each other is a maximum, and the
frequency difference from which they pull each other
into synchronism, is greatest, if the alternatorsorgroups
of alternators are connected together through a react-
ance which is equal to the effective reactance of arma-
ture reaction, less twice the self-inductive reactance of
the circuit between the alternator-s or groups of alter-
nators. With two alternators or groups of alternators
connected together without any external reactance this
means if the self-inductive reactance of the alternators
or groups of alternators is one-third the synchronous
reactance. With turbo-alternators, the self-inductive
reactance usually is much less, and with such machines
the synchronizing power is increased by the insertion
of external reactance.

Substituting the above relation into the equations of
C and D, gives as the expression for the case of max-
imum synchronizing power:

Actual machine e.m.f.: E = 2
... ~~~2

Resultant e.m.f.: E, = eO sin so
Resultant current: I eo sin s

X2

Power fluctuation of low p e- 2 sin 2 0 sin a
frequency: 4 x2

Energy transfer of low ew 2
frequency: 8ir sfx2
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c eo2sina cos (a ± o-)
Continuous power transfer: p =

Critical slip: so = °fM
4 J 2-rf 2M

IV. FEEDER REACTORS

A. GENERAL
Economy in cost and space makes it desirable to use

the smallest feeder reactor which is reasonably safe, the
more so as the number of feeder reactors required to
protect every feeder going out from the generating sta-
tion is usually much larger than that of the generator
and busbar reactors.
Any reactance inserted into the system increases the

reactive lagging volt-amperes and therefore, if the load
on the system is lagging, lowers the power factor, the
more, the greater the reactance of the feeder reactor.
In 25-cycle systems, this is of no moment, as the load
usually is almost exclusively synchronous machines,
equally operative with leading as with lagging current,
so that even with large values of feeder reactance, the
system operates at unity power. In 60-cycle systems,
however, a considerable part of the system usually
comprises induction machines and other apparatus which
produce lagging current; the power factor thus is below
unity, lagging, and much additional reactance is there-
fore undesirable. An at least approximate investi-
gation of the relations between the size of the feeder
reactance and the disturbance in the generating station
caused by a short circuit at the generating end of the
feeder is thus desirable.
The function of a feeder reactor is three-fold:
(1) It reduces the short-circuit current on the gen-

erating station in case of a breakdown of the feeder
near the generating station, and thereby reduces the
shock on the system.

(2) It permits setting the feeder circuit breakers for
a much shorter time of opening, due to the lesser short-
circuit current which they have to open, and thereby
reduces the time during which the system is exposed to
the short-circuit stresses.
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(3) It keeps at least partial voltage on the busbars
of the generating station during the feeder short circuit,
and thereby reduces the liability of the generators, sta-
tions and substations falling out of synchronism with
each other.

Without a power-limiting reactor in the feeder, a
short circuit in the feeder near the generating station
-which is much more liable to occur than a short cir-
cuit on the busbars-is practically a short circuit at
the busbars. The short-circuit current thus is the max-
imum which the generators can give, and its momentary
or initial value (about 8 times the final value, with the
usual amount of generator reactors) is so great as to
make it necessary to set the circuit breakers for a con-
siderable time limit so as to allow the momentary
excess current to die out. During the short circuit, the
busbar voltage is zero or practically so, thus there is no
synchronizing power between the generators of the af-
fected station section, between this station section and
the other station sections, and between the synchronous
converters of the substations fed by the affected gen-
erating station sections, and as due to the time limit
of the circuit breakers the short circuit lasts an ap-
preciable time, it is probable that during the short
circuit the synchronous machines in the substations,
and the generators have drifted out of step with each
other so much, that at the opening of the short circuit
they do not catch into synchronism any more, and a
shut down of a considerable part of the system results.
At the moment where a short circuit begins, the alter-

nator field and thus the machine voltage still has full
value, and the inductive short-circuit current thus is
limited by the true self-inductive reactance only-the
external and internal reactance of the generators, and the
reactance of the feeder reactor, where such is used. At
the moment when the short circuit begins, the busbar
voltage drops from its normal previous value to zero, if
no feeder reactor is used, or to the reactance voltage of
the feeder reactor under the momentary short-circuit
current, which may be a considerable part of the normal
busbar voltage. If then the short circuit could be opened
instantly before the alternator field can build down under
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the demagnetizing action of the inductive short-circuit
current, the busbar voltage would- recover instantly, to
its previous value. If however the short circuit lasts any
appreciable time, the alternator fields gradually-and
rather rapidly-build down; the machine e.m.f. and the
short-circuit current decrease (and the busbar voltage,
with feeder reactor; without feeder reactor the busbar
voltage is zero, as stated). If now the short circuit is
opened, the busbar voltage does not instantly recover,
but jumps up only to the value corresponding to the then
prevailing field flux, and then only gradually-and rather
slowly-recovers by the field flux again building up under
the effect of the exciter voltage.

In turbo-alternators, the rate is very high; at which
the machine fields build down under dead short circuit
and thus the busbar voltage decreases which appears at
the moment of opening the short circuit that is, the field
is demagnetized in about half a second, so that with the
delayed opening of the circuit breakers, the field has prac-
tically been demagnetized before the short circuit is
opened; but the rate at which the voltage of the machine
recovers after the opening of the short circuit, is rather
slow; from three to five seconds or more (depending on
the existing field exciting current and thus on the load
previously on the machine.
With a power-limiting feeder reactor however, of a

reactance which though small with regard to the rating
of the feeder, is considerable compared with the reactance
of the generating station (internal and external generator
reactances), the rate of demagnetization of the field flux
is greatly slowed down, due to the lesser demagnetizing
action of the smaller short-circuit current; that is, the
time required for the demagnetization of the machine
field is of the magnitude of one and a half seconds. It is
the larger, the higher the feeder reactance and the greater
the number of generators connected to the busbars; it is
smaller with lower feeder reactance and fewer generators
on the busbars. If then the circuit breakers can be
adjusted to open quicker, which appears feasible at the
lesser short-circuit current, most of the field flux will still
be there at the opening of the short circuit, and the volt-
age thus would, at the opening of the short circuit, jump
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back to nearer full value. Considering that even during
the short circuit of the feeder cable, considerable voltage
remains on the busbars, and that the duration of the
short-circuit period is greatly reduced by the permissible
quicker opening of the circuit breakers, it appears feas-
ible, with a moderate value of feeder reactance, to limit the
voltage drop and its duration in the affected station so
that all or at least most of the synchronous apparatus on
this station section will remain in step.

B. ARMATURE AND FIELD TRANSIENTS OF
SYNCHRONOUS MACH1NES

1. If p number of poles
nO= number of field turns per pole
4 = exciting current at no load, and
(DO =magnetic flux per pole

then p no 4Do is the total number of interlinkages, and
p no 40o

ioo

the flux interlinkages per unit current; that is, the induc-
tance of the field circuit in standard units,

L= POnO(DolO8h. (55)
too

is the inductance of the field.
If eo is the voltage of the exciting current and i0 the

(permanent) field current, the resistance of the field
circuit is,

rO= eO (56)0
o

this is the total resistance, field winding as well as external
rheostat, etc., as both have the same action in the field
transient. The duration of the field transient then is,

Lotoo=-° (57)

or, aO = F = attenuation constant, and (58)

il = Io E-ao,
E = Eo EOO (56)

is the field discharge, or the transient by which the field
current and thus the field magnetism and the induced
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voltage decrease on withdrawal of the exciting e.m.f., and
i2 -io (1 - 6aOt)

E=Eo(1-(I ) (60)

is the charging transient of the field or the starting cur-
rent of the field; that is, the transient by which field cur-
rent and field magnetism and thus the induced voltage
rises on the application of the exciting voltage, or recov-
ers after the demagnetizing action of an excessive lagging
current, such as a short circuit.

2. On inductive load, the armature current of an
alternator demagnetizes, and to give the same field flux,
the field exciting current thus has to be increased to
counteract the demagnetizing armature reaction.

In a three-phase alternator, if n = number of armature
series turns per pole per phase and I = armature current
per phase (effective), the armature reaction per pole is,

F = 1.5 V 2 n I ampere turns.
and

'n0i = 1.5 i.2nI
thus gives the field current

nO

weec1.5V J2 (61)-ci
n

wherec= 1.5W-~2 (62)
no,

is the reduction factor from armature to field.
Thus if io = field exciting current, and an additional

inductive load of I amperes is put on the alternator, to
keep the same magnetic flux and thus the same voltage,
the field exciting current has to be increased from io
to i0 + c I.

[This does not consider the change of the magnetic flux
distribution resulting from the inductive armature cur-
rent I, such as the increase of leakage flux, corresponding
increase of saturation, etc., which requires a somewhat
greater increase of field excitation. That is, c is some-
what greater than given by equation (62).]

3. Let E. be the voltage produced by the no load field
excitation i,,. An inductive load of current I requires an
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increase of the field excitation c I. This additional field
current c I would produce (assuming straight line sat-
uration curve, that is below saturation) a voltage

c I
E2 .ioo

thus gives an apparent internal reactance of the machine,
E2_ _

I2 cI

or x2= cE0 (63)
to00

This is the effective or equivalent reactance of arma-
ture reaction. It is not a true reactance, and differs
from the true self inductive reactance, that the latter
is instantaneous, while the effective reactance of arma-
ture reaction, x2, requires some time to develop.

Or, if 1 = full load or rated armature current, the
effective reactance of armature reaction, given as a
fraction (or in per cent), is

_ X2=E C IO (64)

that is, the ratio of the field equivalent of the arma-
ture current, c Io, to the no load field current ioo is the
effective reactance of armature reaction, as a fraction.

Substituting (62) into (63) gives:

x2=1.52nn
no 7too

=1.5 2n F° (65)

where Fo are the no load field ampere turns per pole,
which give the voltage Eo.

4., Let Eo = voltage and i, = field exciting current
of an alternator. Let then an inductive load of current
Io be suddenly thrown on the alternator, for instance
by a short circuit beyond a feeder reactance, or on the
busbars. If then the reactaiuce (true self-inductive
reactance) of the circuit of this inductive load is xi, the
current is

EoIo= (66)
X1

This current Io however, demagnetizes with the field
equivalent c Io and the magnetic field flux of the ma-
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chine, and thus the voltage must therefore decrease.
The field flux, however, cannot change instantly, as in
changing it induces a voltage and therefore produces a
current in the field circuit, which opposes the change.
That is, the field flux begins to decrease at such a rate
as to induce in the first moment a voltage in the field
winding, increasing the field current by c Io, the field
equivalent of the armature current.
That is, in the moment when the inductive load cur-

rent I is thrown on the alternator armature, the alter-
nator field current jumps from io to io + c Io.

As, however, the exciting voltage e, can maintain
only the current io in the field circuit, the momentary
excess field current io + c I, gradually decreases, down
to the permanent value i0, and with it decreases the field
flux and the voltage of the machine, from the initial
values c1) respectively E, to the final values,

b- t° 1 = b 4P0 (67)

and El- 0 E= b E (68)

and with it decreases the current, from the initial value
Io, to:

i, +c l0o= bIo (69)

where b =i- + C
(70)

At the first moment the field flux is still J.5, the field
exciting current however, is io + c Io.

Field flux c1o and no load field exciting current ZOO
give the field inductance Lo. Field 40 and field exciting
current io + c Io thus give an apparent or equivalent
or effective field inductance:

L = -° Lo = bo Lo (71)io + cIo
where b0 -. o (72)° 'io + c Io (2
That is, when throwing an inductive load on an alter-
nator, field flux and voltage decrease by the demagnetiz-
ing armature reaction, and during the field transient, the
mutual inductance of the armature current on the field
reduces the field self-inductance from the true self-
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inductance Lo to an apparent or effective inductance
L = bo Lo.
As the resistance of the field circuit remains the

same, the duration of the transient resulting from a
sudden inductive load, such as a short ci-rcuit, is given by,

L
to = -

= bo-
ro

= bo too (73)
and the attenuation constant is:

1 aO
to= b (74)

and the equations of the transient thus are as follows:
The armature current, changing from

X1

to I, = b Io
is I = I, + (IO-Ii) at (75)
orI = Io {b + (1- b) -a} (76)
and the voltage then is
E = xl I (77)

and, if of the reactance x1, the part x is external, xi - x
internal in the machine or station, the terminal voltage
is

E =xI (78)

5. Equations and Notations.
ro= resistance of exciting circuit

= eo ohms (56)

eO= exciter voltage
ioo= field current at no load
io= field current at full load
L= true inductance of field exciting circuit.

p no ¢° 10-8h (55)
too

p = number of poles
nO= number of field turns per pole
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(O = magnetic flux per field pole, produced by exciting
current t0o

too = duration of field transient
=Lo (57)
r o

a, = attenuation constant of field transient
1 (58)

too

E = E -aOt

-field discharge transient (59)
E -E, (1 _ oaot)

= starting transient of field (60)
x= total self inductive reactance of alternator circuit
x = external part of this reactance
Eo = machine voltage before closing the circuit on

reactance x1
= initial (or momentary maximum) value of the

current in reactance xi (effective value)
Eo- (66)
X1

I, = final (or permanent) value of current
= b Io (69)

b = Io (70)
io + CIO

c = 1.5 2 n
no

-reduction factor from armature to field circuit.
n number of series armature turns per pole per

phase.
I = Io [b + (1 - b) E-t] = 11 + (Io-Ij) E6 (75) (76)
= armature transient.

a = equivalent attenuation constant of transient
_ 1 (74)

to

to = bo too (73)
bo = t°°(72)i, + cI
E = total voltage
=xI I (77)

E' = terminal voltage (78)
= xI
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6. From these equations, and the numerical con-
stants of the alternators, it is possible to calculate the
action of short circuit or similar disturbance on the
system, and the effect thereon of the reactance of the
feeder reactor, by calculating, and plotting with the time
as abscissas, the transients of induced voltage, current
and terminal voltage resulting from the application of a
short circuit. This gives for the moment of the opening
of the circuit breaker the values of current, terminal
voltage and induced voltage, and from the latter the
value of the terminal voltage immediately after the
moment of the opening of the circuit breaker. Calcu-
lating then, and plotting, with the latter as initial
values, the field transient, gives the voltage recovery
curve of the system. From the drop of voltage, and its
duration, can be estimated whether any synchronous
apparatus such as converters, operated from the affected
generating station, are liable to be thrown out of syn-
chronism, and whether by the voltage drop the synchro-
nizing power of the station against other stations tied to
it by busbar reactors is sufficiently lowered to fail to keep
in step, and whether in this case the duration of the
voltage drop is sufficient for the machines or stations to
drift far enough apart so that at the voltage recovery
they are not able to pull each other into step.

C. NUMERICAL CALCULATIONS
The constants of some typical steam turbine alterna-

tors of large size, three-phase machines of 25 and 60
cycles, are given in the following Table I.

Considering now as a numerical instance the effect of a
feeder short circuit close to the busbars, on a 25-cycle,
9000-volt generating station of 60,000 kw. steam turbine
alternator capacity, without and with feeder reactors,
assuming that the short circuit is opened after one second.
Assuming as fair average an equivalent effective react-
ance of armature reaction of 85 per cent; a true self-
inductive internal reactance of the alternators of 6.8 per
cent, and an external reactance, as power-limiting gen-
erator reactor, of 6 per cent.*

*A reactance of n per cent means n per cent of the value of rated voltage
rated current.
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Let the duration of the field transient (full-load condi-
tion) be too= 4.51 sec., and the field attenuation con-
stant thus a, = 0.222
The field transient then is given by

e = el + (eo- el) E-aOt (79)
where eO = voltage of the machine at the moment t = o,
for instance, initial voltage in the moment when a short
circuit has been opened.

ei = machine voltage corresponding to the exciter
voltage impressed upon the machine, that is, final voltage
of the machine.

Consider the three cases:
a. No feeder reactor, thus dead short circuit on the

busbars.
b. A feeder reactor of 0.5 ohms per phase, or 2.9

times the true reactance of the generating sta-
tion, or 37 per cent.

c. A feeder reactor of 0.7 ohms per phase, or 4.05
times the true reactance of the generating sta-
tion, or 52 per cent.

1. With 12.8 per cent self-inductive reactance, the
momentary or initial short-circuit current, as a fraction
of the rated current of the station, is given by
* . ~~~~~~1

io = 128= 7.8-.128-78
From the machine constants, it follows that

b = 0.172
bo= 0.129

Thus, final short-circuit current, as a fraction of rated
current is

il = b io = 1.34
and, duration of the short-circuit transient is

to = bo too = .582 sec.
Thus, attenuation constant is

I
a= -= 1.72

to
and, equation of the short-circuit current transient,

i = il + (i0 - i1) Cat
=1.34 + 6.46E7t (80)

This current is plotted in Fig. 15, in dotted lines, as i1.
Proportional hereto is the induced generator voltage,
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which is given, as a fraction of the induced voltage imme-
diately before the short circuit, by the transient,

e = b + (1 - b) ,-at
= 0.172 + 0.828 E172t (81)

plotted as curve e1 in Fig. 15.
The terminal voltage is zero during the short circuit;

at one second, with the opening of the short circuit, the

3.0
- _ _- - -

2.8 -_

0 0.4 0.8 1.2 1.6 2.0. 2.4 2.8 3.2 3.6 4.0
SECONDS

FIG. 15

terminal voltage Jumps back to the same fraction of the
terminal voltage before the short circuit, to which the*
induced voltage has dropped, that is, to the pointD1of
curve ei, 32.2 per cent of the previous terminal voltage.*
From this point, of 32.2 per cent voltage at one second,

the voltage now gradually recovers on the field transient,
equation (73)

for e1 = 1: eO = 0.322: aO-0.222, thus,
e°= 1-0.678 04222t

During the short circuit, the terminal voltage thus
traverses the values of A, B1, C1, D1, F1 in Fig. 15. As
seen, the voltage recovery is very slow, and it is not prob-
able that any synchronous apparatus will remain in step.
The short-circuit current after one second-which

*Assuming that the conditions of the external load have not
materially changed or have no material effect, which latter may be
assumed approximately, since the short-circuit currents are very
large compared with the normal load currents.
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the circuit breaker has to open-is 2.5 times the rated
current, or 150,000 kv-a.

2.. With 12.8 per cent self-inductive generator react-
ance, and 37 per cent feeder reactance, the total reactance
is 49 per cent, the initial short-circuit current is thus:

0.498 = 2.01

In this case,
b = 0.446
bo = 0.335

Thus, final short-circuit current is
ii = b io = 0.894

duration of short-circuit transient,
to = bo to =1.51 sec.

attenuation, constant,

a- =0.662
-to

short-circuit current transient,
i= .894 + 1.107E662t

and induced voltage,
e = 0.446 + 0.554 E662t

The terminal voltage during the short circuit now is not
zero, but is the same fraction of the induced voltage, as
the reactance- of the feeder reactor is to the total
self-inductive reactance.

x _ 37
0 4

x + x 37 + 12.8 =0.744
Thus, the terminal voltage during the short circuit is,

eo = 0.744e - 0.332 + 412 0E662t
The transients of short-circuit current, induced voltage

and terminal voltage are shown in Fig. 15 by the curves
i2, e2 and e20.
As seen, at the moment of short circuit, the terminal

voltage makes a sudden drop to curve e20, to 0.744 of the
previous value, then follows the curve e20 for one second;
then on opening the short circuit suddenly jumps, from
0.543 on e20 to 0.732 on e2, and then gradually recovers
on the field transient given by.the equation,,

eo= 1 - 0.268 E-0 222t
The terminal voltage thus travefses the broken curve

A B2 C2 D2 F2.
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As seen, while the voltage recovery after the short
circuit is slow, the terminal voltage even during the short
circuit remains above half value.
The current after one second, when opening the short

circuit, is only 1.46 times full-load current.
c. In the same manner the curves are calculated for

the 52 per cent feeder reactance, giving,
to -1.55
b = 0.511
bo = 0.383
ii = 0.79
to = 1.73 sec.
a = 0.578
i = 0.79 + 0.76 _'575t
e = 0.511 + 0.489E-.578t

x _ 0.802
X + X1

e, = 0.41 + 0.392C(.578t
and the recovery transient,

eo= - 0.215 E0222t
The values are shown in Fig. 15 as i3, e3, e30, giving for

the terminal voltage the broken curve A B3 C3 D3 F3.
The short-circuit current when the circuit breaker

opens, after one second, is only 9 per cent above full-load
current.

Table II gives the numerical values of voltage and cur-
rent, at the beginning of short circuit, after one second
and final, as fractions of rated voltage and current.
TABLE II. SHORT CIRCUIT ON 60,000-KW. 25-CYCLE 9000-VOLT

STATION
Resistance of Feeder Reactor

(1) None (2) 0.5 ohms (3) 0.7 ohms
Duration of Field Transient, seconds too = 4.51 4.51 4.51

ao = 0.222 0.222 0.222
Duration of Armature Transient, seconds to= 0.582 1.51 1.73

a = 1.72 0.662 0.578
b = 0.172 0.446 0.511
bo = 0.129 0.335 0.383

Initial io= 7.8 2.01 1.55
Short-Circuit After 1 sec. i = 2.5 1.46 1.09

Current Final ii= 1.34 0.894 0.79

Initial eo = 1.00 1.00 1.00
Induced After 1 sec. e = 0.322 0.732 0.785
Voltage {Final ei = 0.172 0.446 0.511

Initial JBefore eo= 1.00 1.00 1.00
Terminal I lAfter eo° = 0 0.744 0.802
Voltage After Before e° = 0 0.543 0.63

1 sec. After e = 0.322 0.732 0.785
Final e = 0 0.322 0.41
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The question then arises of the bearing of these volt-
age curves, Fig. 15, on synchronous operation.

During the period of dead short circuit or zero terminal
voltage, B1 Cl, there is no synchronizing power. There is
no load on the generators beyond the i2 r and the load
losses which are moderate even at the initial high momen-
tary short-circuit current, and rapidly decrease with the
decreasing short-circuit current. Thus the alternators
speed up, until the governior shuts off steam or the
emergency governor trips. The former necessarily must
take an appreciable time to avoid trouble from steam
governor hunting. Usually, the speeding up will occur
until the emergency trips and cuts off steam, about 10
per cent above normal speed. Then slowing down occurs
until the machines are again put on their governors. The
speeding up however occurs at different rates, due to the
differences in the momentum of different machines; the
speed of tripping cannot be exactly the same, as absolute
reliability rather than exactness of speed is the main
requirement of the emergency cut off, and furthermore,
some speeding up will continue after the closing of the
governor, due to the steam contained between the cut off
and the turbine, and in the turbine.* Thus if during this
period the machines do not have sufficient power to keep
each other rigidly in step, at the time when the short
circuit is cleared and the voltage returns, the machines
probably have drifted so far apart that they cannot pull
each other in step again but continue slipping out of
synchronism, short-circuiting each other and keeping zero
terminal voltage indefinitely.

Let P load on the machine before the short circuit.
With the load taken off, the power P then accelerates
the momentum M of the machine, until the steam is cut
off. This means

2sM= Pt (82)
where s is the increase of speed in fraction, and t the time,
or more accurately:

M[(l+s)2 1]=Pt (83)
however, (82) is sufficiently accurate for our purposes.
*One cubic meter of steam at 14 atmospheres (200 lb.) retained

between the turbine and the steam cut off, would speed up a 35,000-
k.w. steam turbine alternator by more than one per cent, after
the cutting off of the steam.
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PThus, s= - t (84)2M
Substituting the values of P andM from Table I, gives

the acceleration curves. In Fig. 16 are given such curves

iF 10

0 ~~~~~~~~~~~~~~9

6 ~~~~~~~~~~~~~~8

7 7

-6 -6_z
C)

a.ou 5-yl machnes th 2000, 140Q53,0

4 4~~~~~

2 .~~~~~~~~~~~~~~~2

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
SECONDS

FIG. 16.

for four 25-cycle machines, the 12,000, 14,000, 30,000
and 35,000 kw., as (1), (2), (3) and (4). As seen, the
acceleration is very rapid, from 3.5 to 8.6 per cent per
second.
The limits of synchronizing power, that is, the maxi-

mum speed difference from which the machines can pull
each other into step promptly, is given by equation
(38) as,

2 E sina
2 s0 E 2 r f z M

Chosing the same vaJues as in Fig. 15, that is, per
10,000 kw. rated machine capacity,

z = 2 x1 = 2.08 ohms.
3 M = 125 x 106 joule

f = 25 cycles
a = 90 deg.
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_900.0_E - = 5200 volts.
13

gives 2 so = 1.4 per cent.
In the moment however, when the short circuit opens,

the induced voltage of the machine has dropped from the
initial value, due to the demagnetizing effect of the short-
circuit current, on the curve ei of Fig. 15, and the critical
speed 2 so has dropped proportional thereto.

In Fig. 16, is given in dotted line the curve 2 so, as (0).
As seen, even in a fraction of a second, that is, in a time
much shorter than the circuit breaker can open the short
circuit, machines of different types have drifted apart by
greater speed differences than those at which the ma-
chines can pull each other in step again at their reduced
synchronizing power.

However, even with identical machines, especially if
the speeding continues to the tripping of the emergency
steam valves, inevitable inequalities in the tripping speed
and in the time of restoring the machines on steam
governor control, probably cause greater speed differ-
ences than permissible by the synchronizing power.
Furthermore, even if the short circuit is 'opened in a
second orless, the induced voltage has dropped so con-
siderably-el in Fig. 15-and the recovery curve-el in
Fig. 15-is so slow, that the machines cannot immedi-
ately take load, and speeding up continues for some time.
Thus it may be expected that with a dead short circuit

at or near the busbars of a high-power steam turbine
station, the generators drop out of synchronism and are
not able to pull back promptly into synchronism, but
begin to drift indefinitely, slipping past each other at
zero voltage.

For a machine to reimain in synchronism with other
machines, with full load steam supply and the load
thrown off by a short circuit, etc., the machine must be
able to transfer full load to other machines, within its
limits of synchronizing power, that is, with a phase dis-
placement not exceeding 90 deg.
The maximum power transfer between two machines

is given by equation (11) as
E2P= 2sina
z
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where z is the total impedance between two machines,
and a may be assumed as 90 deg. This gives

E-=' zP (85)
as the minimum voltage E, at which the machine will
keep in synchronism at a power difference P between the
load and the steam supply.

Substituting for P the rating of the machine per phase,
and for z twice the self-inductive reactance (external and
internal), per phase, gives the minimum voltages of
remaining in synchronism, that is, the voltage limit of
synchronizing power.

This gives, for the machines in Table I, the values
recorded in Table III.
As seen from Table III, the voltage limit of synchro-

nizing power in most of these machines is a little below
half voltage, and the conclusion follows that:
As long as the machines do not drop below half voltage,

no danger exists of the machines breaking out of syn-
chronism by the sudden loss of load under short circuit
or other accidents.

If a feeder reactor liinfits the voltage drop of the station,
due to a feeder short circuit, to 50 per cent or less, the
machines in the station remain in synchronism, even
when speeding up due to the release of load, when trip-
ping their emergency steam cut offs, etc., and the voltage
thus recovers immediately on the opening of the short
circuit.
As seen from Fig. 15, this is the case even with the

smaller feeder reactor, and under the given conditions,
the smaller feeder reactor thus should offer complete pro-
tection against loss of synchronism of the station as result
of feeder short circuit.

Similar relations then exist between generating station
and synchronous machine loads, such as converters and
synchronous motors.
The synchronous converter probably represents by far

the most frequent synchronous machine load. Its inter-
nal characteristics are somewhat similar to those of the
steam turbine alternator, that is, high effective reactance
of armature reaction and low true self-inductive react-
ance, and it therefore is probable that about the same
numerical relations pertain.
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DISCUSSION ON "STABILITY OF HIGH POWER GENERA-
TINC, STATIONS" (STEINMETZ), WHITE SULPHUR
SPRINGS, W. VA., JULY 1, 1920.

R. E. Doherty: It has been my experience,
and perhaps that of many others, in listening to dis-
cussions of synchronizing power, and reading some
papers about the values of reactance and resistance
in the circuit to get the maximum synchronizing power,
that there has been a good deal of confusion as to what
is meant. In addition to that, in connection with
Dr. Steinmetz' paper, I wish to call attention to some
equations he has given regarding the relations between
the feeder connection of the armature and the field
circuit.

In studying the several conditions of parallel opera-
tion of two groups of alternators as discussed in the
paper, the question arises, what shall be taken as the
synchronizing. power. Is it the power delivered by the
generator, or a group of generators, which is ahead
in phase, or is it the power received by the generator,
or group, which is behind? Obviously if there is
negligible resistance in the circuit connecting the two
groups, the power delivered from the first group must
be the power received by the second. The question
arises only when there is a significant I2 R loss in the
connecting circuit.
An alternator is connected through an impedance

r + j x tIo a bus of infinite capacity. The governor
ceases to function, and the prime mover tends to
drive the alternator ahead. The power which tends
to hold the machine in step must obviously include
the J2 R loss in 'the circuit, as well as the power de-
livered to the system. That is, the maximum syn-
chronizing power, must be the maximum total elec-
trical power generated by the alternator. Suppose,
on the other hand, that a negative torque is applied
to the shaft tending to pull the alternator back out
of step. Then, obviously, the power lost in 12 R
although included in the above case, cannot in this
instance produce torque in the alternator, and there-
fore cannot be included in the power which tends to
hold it in step. What remains, is the power of the
lagging alternator. Thus, again, the maximum syn-
chronizing power must be the maximum power of the
alternator; in this case, the maximum power which
is received by the alternator and converted to mechani-
cal power. In either case, therefore, it is the electrical
power of the machine under its particular conditions;
that is
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P = EICos 0
Where

E = actual generated voltage corresponding
to the magnetic flux

I = current
0 = phase displacement between E and I.

Going a step further, suppose in the above case,
that another alternator, duplicate of the first, is
substituted for the infinite system, and that the two
machines connected through the impedance are pulled
apart in phase. What is now the synchronizing power?
If we say it is the electrical power of the alternators,
as above, we shall have two values. If, on the other
hand, we say it is the power holding the two alternators
together, then what is that power? Thus it is ob-
viously a matter of definition. The present paper
defines it in equation (9) as neither the power delivered
nor the power received but the average of the two;
that is, the power delivered by the first, less half the
12 R loss; or the power received by the second, plus
half the 12 R loss; in other words, the power which a
wattmeter would indicate if placed at that point in
the circuit where the resistance on either side is half
the total resistance.
However, from the point of view that the syn-

chronizing power is the power that holds the alternator,
or stations, or station sections together, it might
logically be considered as that power which leaves the
first and is received by the second; that is, as the power
received by the lagging generator or station bus.
Because the problem is often stated thus: What is
the maximum power which can be transmitted across
a given circuit? The interest, therefore, in such a
case, is less in how much power can be delivered to that
circuit than in how much can be put across it. How-
ever, when that maximum is reached, there is a de-
finite value, not a maximum, of the power delivered
to the circuit, and therefore a definite average. Thus,
so far as getting the facts is concerned, it makes
little difference which one is calculated. It all depends
on what the problem is. The present problem is
largely the calculation of power exchanges under
unstable conditions in which a given group of alterna-
tors is alternately ahead and behind another group,
or in which the two groups are slipping by each other;
and, therefore, in which the machines are alternately
delivering and receiving power. It is therefore more
satisfactory to deal with the average.

Consider briefly a few criterional relations between
resistance and reactance for maximum synchronizing
power, Pm under different assumed conditions:



1920] DISC USSION 1273

1. Two buses each held at constant potential E, con-
nected by a circuit of impedance r + j x.

(a) From equation (13), Pm occurs, for any
given value of r, when

x = r
If Pm were considered as power received by the

lagging bus (equation 6) instead of the average
power, the criterion would be

x = V3 r
(b) From equation (13), Pm occurs, for any

given value of x, when
r = 0

The question of what voltage or what reactance
should be used in these relations is entirely a matter
of what voltage is going to be considered. If you
take the terminal voltage of the alternator and hold
that constant, then obviously you must consider not
the internal voltage of the machine, but only the
impedance between the buses which are held at the
voltage of the machine. On the other hand, if you
assume that the magnetic flux in the machine is con-
stant, then you must take, not the external impedance
only but also the internal impedance, that is, the true
leakage reactance.

If you go a step further and consider, not that
the flux is constant, but that the nominal electromotive
force (a fictitious voltage in proportion to the field
excitation) is constant, then you must consider not
only the external impedance- and the internal true
leakage but also the armature reaction. Depending
upon which one of these voltages you take, you come
to the proper value of reactance to be considered in
the criterional relation.

2. Two alternators or two groups of alternators with
equal "nominal e. m. f.," equal leakage reactance x1
and equal effective reactance of armature reaction x2,
connected by a circuit of reactance x.

(a) Slipping by each other out of synchronism.
The total effective reactance (including internal)
between the alternators is, from equation (47)

2 x1 + x2 + x
and Pm is obtained when (by equation 54) the
external reactance is

x = x4- 2 x1
(b) Steady strain. The total effective re-

reactance in this case is
2 x1 + 2 x2 + x

For any given value of external reactance x, the
maximum power transfer, neglecting resistance, is
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pM =
e02

2x2+ 2x2 + x
The value of external reactance x for maximum

Pm in this case is obviously zero, although for
the above case of slipping it was

X = X2-2x1
The reason is, if two machines are slipping by each

other, then the total magnetic flux in the machines is
determined by the leakage reactance. If you have no
reactance, you have no magnetic flux, and therefore
no torque, whereas if you have too much reactance
you limit the flow of current, so that a compromise
between the two gives the most favorable value.

Thus, summing up, the synchronizing power is
always increased by a further decrease in the resistance
of the circuit; in almost all cases it is increased by a
further decrease in the reactance. Two exceptions to
the latter are:

1. In slipping by each other out of synchronism,
the machines are practically short-circuited on each
other. Hence with negligible reactance there could
be no magnetic flux, and therefore no torque; on the
other hand, with too much reactance, the current is
limited. Therefore there is a most favorable value
of reactance as given in equation (54) of the paper.

2. There must, of course, always be some resistance
in the circuit. The maximum synchronizing power
will be increased by decreasing the reactance until
the latter is of practically the same magnitude as
the resistance. Beyond this, the gain in lower im-
pedance is more than offset by loss in phase displace-
ment.

There are some cases in which the criterional rela-
tions between x and r for maximum synchronizing
power involve the true reactance only; and others
in which not only the true reactance but also the much
larger effective reactance of armature reaction must
be taken in relation to r. The former includes those
cases where, by operating conditions, the buses of two
stations, or of two station sections, paralleled over a
circuit of impedance Z, are actually held at the same
constant potential to the limit of synchronizing power.
Here the circuit reactance and resistance only should
be considered. It also includes those cases where
the magnetic flux of the alternators can be assumed to
be constant, under which conditions, the true leakage
reactance of the alternator, as well as the external
circuit reactance should be taken. In these cases
there is some probability of the particular value of
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resistance, settled upon by considerations of economy
or regulation, becoming a significant factor in synchron-
izing force, on account of the relatively low value of
the reactance involved..

However, in those cases where, instead of voltage,
the field m. m. f., that is the "nominal e. m. f.," is
held constant, and the voltage is allowed to drop, the
large "synchronous reactance," including armature
reaction, must be considered. In such a case, the
effect of r is usually negligible not because the effect
of r has been changed, but because the armature
reaction, assumed to be neutralized in the above cases
by increased field current, is in this instance, free to
act; and it simply overshadows the other factors,
and seriously reduces the synchronizing power. How-
ever, the criterion still holds. If such a case existed
in which the resistance were greater than the syn-
chronous reactance, then it would help matters to add
reactance.

Illustrating three cases:
1. Equal Bus Potentials Held Constant.
Assume that a 25 per cent reactor is inserted in the

connecting circuit, which itself contains 2 per cent
resistance, 1 per cent reactance, based on the normal
rating of the line equal to 1000 kw. Thus x = 26
per cent, r = 2 per cent. The maximum power which
can be transmitted from one bus to the other is, by
reduction of equation (6),

Pm = sin2az
If the average power, given by equation (9) is con-

sidered, the maximum would be, by equation (11),
E2Pm' = - sin a

For a = 90 deg., that is, negligible resistance, these
are of course identical. However, taking the former
case,

a tan -1 13
Practically a - 90 deg. and]JZ = X

Pm - 0.26 X 1000 = 3850 kw.

Taking out the reactor, the circuit is: 1 per cent
reactance, 2 per cent resistance,

a = tan-10.5 = 26.5°
Z = 2.23 per cent

Pm 0 .0223 X 0. 392 X 1000 = 6870 kw.
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Thus, higher than before; but by increasing x from
1 per cent to

xV3 r = 3.46 per cent
Pm is further increased.
a -tan-1 1. 73 = 60 deg. and Z = 4 per cent

1.02Pm =004 x 0. 8662 X 1000 = 18,750 kw.

An increase or decrease of reactance from the above
value will decrease Pm. This illustrates the particular
case where r becomes a significant factor-the case,
where the circuit reactance is low, and the alternator
reactance is not considered.

2. Same case as above, except that the true leakage
reactance of the alternator, or the resultant reactance
of a group, based on the line rating of 1000 kw. is
5 per cent, and that the magnetic flux of the alternator
is kept constant. In this case the alternator reactance
must be considered.
The total impedance is now: x = 36 per cent,

r = 2 per cent; or without reactor, x = 11 per cent,
r = 2 per cent, z = 11.15 per cent.

For first case:

Pm ( 1. ° 0.05 ) X1000 = 2780 kw.

Second case:

Pm = ( 1.02011052 ) X 1000 = 8950 kw.

3. Holding Constant Field Excitation: Here, both
terminal voltage and the magnetic flux decrease.
Assuming the synchronous reactance, including true
leakage reactance as well as the effect of armature
reaction, is 50 per cent based on line rating, then the
nominal e. m. f. is

eO = V/1.02 + 0.52 = 1.12E
The impedance is: x = 126 per cent; r = 2 per cent;

or without reactor, x = 101 per cent, r = 2 per cent.
For the first case,
Pm = 1. 122 x 1000 = 1000 kw.

For the second case,.
1.122Pm = 1.01 .X 1000 = 1240 kw.

Regarding the latter part of the paper covering
"Armature and Field Transients of Synchronous
Machines" attention should be called to an approxima-
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tion which, although justified, of course, by the charac-
ter of the present problem cannot be thus applied in
general. Equation (61) assumes equality between
the effective m. m. f. of armature reaction, due to
inductive armature current, and the field m. m. f.
required to balance it. This, of course, assumes per-
fect magnetic coupling. Actually, the leakage flux
modifies the relation.

Considering that the machine is operating on sus-
tained short circuit-as in the ordinary synchronous
impedance test-then the armature flux is zero (neg-
lecting resistance drop), and is

(noi) M + (1.5 V/2 nI) L1 = 0
where M and L1 are respectively the permeance of the
path of mutual flux, and of the path of the total arma-
ture flux.
Hence equation (61) would become

-n L_
= 1. 5V/2 MI

and (62)

c 1.5V/MLi n

That is, the equations are modified by the ratio
Li
M

This ratio is of the order of 1. 1 to 1.2 in large genera-
tors. In the generators under consideration, it is
near 1.1.

This relation holds also for sudden short circuit,
since, neglecting the armature transient, as assumed
in the paper, the distribution of flux in the several
leakage paths is the same provided there is no damping
winding in the pole face and that the rotor is laminated.
Otherwise, part of the secondary induced ampere
turns will be in the massive steel rotor or in the damp-
ing winding, and therefore will not appear in the main
field winding. This, of course, would change the
flux distribution, sending more of the flux through
the armature leakage paths than would exist there
(assuming the same total flux) under the condition
of sustained short circuit.

V. Karapetoff: The problem of computations
relating to the stability and oscillations of a large
electrical system is not new. It used to be an im-
portant problem in the days of reciprocating engines,
both steam and gas, especially in Europe. Quite a
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number of articles appeared in those days in various
European magazines, and the gist of it all has been
incorporated by Dr. E. Arnold in the Fourth Volume
of his "Wechselstromtechnik." That theory, I think,
might well be revived now, in so far as the method of
attack is concerned, compared with Dr. Steinmetz'
present method of attack. In a large system, such
as the one here under discussion, the energy relations
are much more general and safe to go by than are
the voltage and current relations. Electrical oscilla-
tions, from a formal mathematical point of view, are
analogous to mechanical oscillations, and electrical
engineers interested in the problems of protective
apparatus and disturbances on the systems, would do
well to get posted on the old classical methods of
dealing with mechanical oscillations.
Take a comparatively simple case of an alternator

working parallel with what may be called a system of
limitless capacity, so that this alternator can hunt
without affecting the voltage or the frequency of the
rest of the system. You have to consider variations
in several kinds of energy, viz., stored kinetic energy,
mechanical energy, stored magnetic energy, stored
electrostatic energy and also energy dissipation into
heat. At any instant there is a balance of power
corresponding to these amounts of energy, so that if
you start with an equation containing a balance of
energy you are on a more secure ground than by
beginning with components of energy such as voltage
or current.
The equation that expresses oscillations of an alterna-

tor against an infinite system contains a term propor-
tional to the instantaneous angular velocity; a term
that is the first derivative of that angular velocity with
respect to time, also an integral of the same velocity
with respect to time. On the other side of the equation
are the forces which disturb the original equilibrium.
Now, if you compare this equation -with that of a

simple electric system, containing capacity, reactance
and resistance, with an applied non-sinusoidal elec-
tromotive force, the analogy is so complete that it
is not necessary to solve the differential equation of
oscillation of the mechanical system. We can write
down the solution directly and we can also draw the
locus of the vector of one of the variables in the prob-
lem, such as capacity and inductance. Dr. Arnold
whom I mentioned before, has worked out the method
in a very elaborate way in his book. I have pre-
sented the essentials of this method for English
speaking readers in an article on "Hunting and Parallel
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Operation of Synchronous Machines," Sibley; Journal
of Engineering, March 1920.
Harry R. Woodrow: I do not agree with Mr.

Doherty on the question of synchronizing power as
synchronizing power should be defined as the amount
of power that one generator can receive from a system.
The two definitions give entirely different conditions of
stability of the system. Taking the ratio of x divided
by r as abscissa and synchronizing power as ordinates
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Fig. 1. From these curves it is evident that the power
received is a maximum when the ratio x/r is equal to
V/3 with a given value of resistance, whereas, the
maximum power delivered by the leading unit occurs
when the ratio x/r is equal to zero, that is, zero re-
actance.
For instance, if we have two systems connected

together without reactance we know it is impossible
to hold the two systems in step, whereas, the syn-
chronizing power is high by definition of power sent
out from the leading unit. By the definition of the
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amount of power received, it is clear that there is no
synchronizing power under this condition and the
amount of reactance should be increased to a point
where it approaches the /3 times the resistance for
stable operation. This plan has been followed on
tying systems together in New York with good results.

There is a considerable difference in the adapt-
ability of bus reactors to systems which are dependent
on the character of the system. First, if we take a
system which is interconnected, and it is desired to
hold the system together at times of system trouble,
it is necessary that the bus reactors have a compara-
tively small reactance. This feature was brought out
clearly in the paper by Mr. Johnson before this In-
stitute about three years ago. If the reactance is
not below 50 per cent based on the total capacity
connected to a bus section, there is quite a chance for
oscillation as was experienced in the definite example
given at that time, whereas, in the case of a radial
system, where one section could be segregated, the
reactance can be made considerably higher.

I do not believe any system should- be laid out to
give more than 80,000 amperes (mean effective value
symmetrical condition) into any short circuit that could
occur on the system as with currents above this value,
the magnetic stresses and heating produced on con-
ductors is prohibitive. With the smaller systems
where the maximum short-circuit currents are not
excessive, bus reactors are not necessary and in many
cases are objectional from the operating standpoint.
The use of feeder reactors is becoming generally

adopted as the most effective means of protecting a
system, as with this installation, 95 per cent oi the
troubles which occur on feeders are nipped off, without
the rest of the system knowing anything about it.

E. G. Merrick: As mentioned by Mr. Doherty, a
number of the articles which have appeared in the
past have so confused the terms "synchronous re-
actance" and "instantaneous reactance," that the
formulas derived have not been of much value.

In regard to the point of machines getting out of
step, and staying out of step for considerable periods,
that is a condition which can be made worse if one or
more generators in a plant are being operated under
hand control. In one of the large hydroelectric
plants a field killing device is used in connection with
a short-circuit suppressor, and tests have shown that
when two machines are operating in parallel and one
is hand controlled, the time required to bring the
machines back into synchronism is increased very
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considerably. Hand control is usually a temporary
condition, and not of very great interest; however,
in tying together plants in the large systems that are
contemplated, it has been considered advisable,
especially where automatic stations are concerned,
to operate certain units without governors in order to
simplify the equipment. This may lead to some
difficulty under short-circuit conditions.

In regard to the use of reactors, no one system of
application can be considered the best-each installa-
tion must be studied on its own merits, and proper
distribution of reactors made.
The results obtained from the actual experience of

operating companies have demonstrated the value
of reactors-plants which have outgrown their original
contemplated capacity have been able to continue
the use of original equipment without overtaxing the
buses, switches, etc.
There is no question but that stresses are reduced in

buses by the use of reactors, and there is no question
but that the duty on switches can be reduced by re-
actors if properly applied. Within certain limits,
however, it is not entirely certain how much effect the
reactor has. The Institute has standardized the
rupturing duty of switches as being the current inter-
rupted at normal voltage. If a short circuit occurs
close to the generator, without reactance interposed,
and is maintained for a certain period, the re-established
voltage is certainly not normal, whereas, with infinite
capacity and large enough reactance, the voltage rises
instantly to normal after the interruption of the short-
circuit. Between these limits of low voltage-high
current and high voltage-low current there must be
some point where the reactor does not give an appre-
ciable decrease in the true rupturing duty of the switch.
Morgan Brooks: In view of the enormous size

to which these reactors have grown, it mighlt be
interesting to say a few words in regard to the relation
of the resistance to the reactance in these coreless coils.
Putting in a small coil, such as may be used for a
gasoline ignition, weighing a pound or two, it is im-
possible to get the reactance in ohms for moderate
frequency, like 25, equal to the resistance of that coil
in ohms, that is, the power factor of the coil would be
rather good, that is, it has too much resistance in it.
You want a very low power factor in a reactance

coil to use for synchronizing. If you take a coil and
wind twice as many turns on it, a rough approximation
would be that you multiply the inductance by four
and the resistance by two. That is not quite right,
because of your not having all the turns in the same
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spacing, and if you could maintain the turns in the
same spacing, it would be true-the reactance in-
creases faster than the resistance, assuming constant
arc over in a large coil.

In the very large coils we get extremely low power
factor, which is what we want, from five per cent or
ten per cent. While early experiments on small
machines seem to show it is absolutely necessary to have
a coreless coil because if you have a core reactance
coil you get resistance for the power required equiva-
lent to making a coreless coil of some conductor, such
as German silver. It is out of the question. In the
large coils we may be willing to use a reactance or coil
of 20 per cent power factor, instead of getting one of
five per cent.

It seems to me there is a possibility of introducing
a small amount of core-much smaller than you would
consider in transformer design, of course-and there-
fore get the reactance at a somewhat less cost, I should
say, for the coil itself. However, please bear in mind
that the reactance, due to the winding itself, with the
coreless coil, is instantaneously available.

J. A. Johnson: I wish to say a word in support
of Prof. Karapetoff's suggested method of attacking
the problem which appeals to me as having much
merit in a problem of this kind.
Most-of the discussion and the papers today are

based on an occurrence, or several occurences, which
took place in a steam turbine driven installation.
Upon the occurrence of trouble, in a plant of this kind,
quite frequently the machine trips off on the steam end,
so that there is no further energy supplied from the
steam turbine to the system. Now, in the case of
an hydraulic installation that is not true. Upon the
occurrence of trouble, or a disturbance of the system,
it is not possible to cut off the energy supply instan-
taneously. The governor reacts to the oscillations,
and if there is considerable stored energy in the hydrau-
lic system, there will be, accompanying the oscilla-
tions of the generators, an induced oscillation in the
supply of power to the system from the hydraulic
portion of the plant, tending to maintain the oscilla-
tions of the generators.
On page 1220 of Dr. Steinmetz' paper he states that

"the maximum theoretically permissible busbar re-
actance, at a maximum of 30 deg. phase displacement
between the busbar sections, would be 200 per cent,
referred to the smallest generator on the section, as
far as energy transfer from section to section, with
negligible phase displacement-15 degrees."
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Now, in two very large hydraulic plants, with which
I have had experience, namely, the Ontario Power Co.,
and the former Hydraulic Power Co., bus bar reactors
were installed, of only 12 per cent reactance based on
the capacity of the smallest generator on the section,
and in both of these cases unstable conditions resulted
between sections of the busbars; not complete in-
stability, but continued hunting; and in both cases it
was corrected by a reduction in the amount of re-
actance.
On page 1231 Dr. Steinmetz says: "As is well known

the alternators then oscillate against each other, with
(practically) constant frequency of oscillation, and
gradually decreasing amplitude of oscillation, and
finally steady down in phase with each other, at the
constant phase angle w deg., determined by the condi-
tion of steady power transfer between the alternators."
Now, in the case where there is no continued energy
supply to the system, that, of course, is true, but in a
hydraulic plant such as I am speaking of, where there
is oscillating energy supplied to the system, by the
forced harmonic oscillation of the turbine governors in
synchronism with the swing of the generators, they
do not settle down; they continue to oscillate, and in
the instance of which I speak, that oscillation continued
with no diminution in amplitude until the switches
between the sections were opened.

I bring this point up at this time because this paper
by Steinmetz will undoubtedly become a classic
paper, and will be used not only by the engineers of
the steam turbine plants, but also by those of the
hydroelectric plants. For this reason I cannot refrain
from again calling attention to this limitation which
may occur in the hydraulic plant, and entering a protest
against the idea that you can put a 200 per cent re-
actance, based on the smallest unit, in the bus bars of
an hydroelectric plant of moderately high head and
get away with it.

D. C. Jackson: Mr. Doherty has classified syn-
chronizing power by the logic of his equation.

There are really two situations in respect to syn-
chronizing power, one is the case where machines are
running at exactly the same speed, but are slightly
out of phase. Under these conditions, whether one
considers a single machine with respect to a bus bar,
or a pair of machines with respect to each other, an
unbalanced voltage is set up out of phase with the
main voltage. In this case, the I2 r of the current set
up by this unbalanced voltage has no influence in
bringing forward the lagging machine, but tends to
retard the prime mover of the leading machine. Its
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effect is on the prime mover of the leading machine,
to load the prime mover a little more, and as far as the
synchronizing power of the generator per .se is con-
cerned, the It R loss does not come into play if we
define that synchronizing power as the electromagnetic
gripping of one machine on the other. On the other
hand, when the machines are slipping past each other,
running at slightly different frequencies, this induces a
transfer of energy, and that leads Mr. Doherty to make
an exception in his principal rules in respect to the
relation of resistance and reactance in affecting syn-
chronizing effort.
Another instance is referred to by Mr. Johnson,

i. e., the addition of forced vibration from outside
influences. It is quite true, as Prof. Karapetoff has
suggested, that energy equations may be set up which
include the effects of force vibrations along with those
of natural vibrations, but the solution of the energy
equations which have thus far been developed for
mechanical conditions do not approach conditions of
complexity equal to those that are found in the electro-
magnetic circuit associated with a number of generators
attached to one system.

I have the highest confidence in solutions of the
energy equations where they can be applied. On
the other hand, I am in accord with the manner in
which Dr. Steinmetz and Mr. Doherty have dealt
with the particularly complex example described in
the paper, although their approximate solutions perhaps
may ultimately be followed by solutions of energy
equations which will give us more light. In other
words, we must make the advance in these complex
matters by first using approximate analyses, which
are followed up by the full analyses.

D. W. Roper: Onpage 1249, of Dr. Steinmetz paper
about the middle of the page, he states the conditions
for maximum synchronizing power. I should like
to inquire what is the order of this maximum syn-
chronizing power under some of the conditions that
have been discussed in these papers? Is it twice the
power of the turbine, or ten times the capacity of the
turbine, or how big is the maximum synchronizing
power?

Secondly,onpagel263,in the figure representing the
current and voltages, that occur when a short circuit
occurs on the line beyond the reactance, it shows the
voltage as dropping to zero at the time the line fails.
In such cases there is always an arc between the two
conductors, or between a conductor and ground. The
New York Edison Company has, I believe, made some
experiments and tests to determine under similar
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conditions the voltage across the arc, and I should
like to ask Mr. Torchio if he thinks from these ex-
periments, that the assumption that, after the arc
occurs the voltage is zero, as made by Dr. Steinmetz, is
entirely warranted?

Philip Torchio: The experiments Mr. Roper re-
fers to were made on low-tension cables and they were
carried out to determine the maximum amount of
current that would flow into a short-circuited low-
tension feeder, consisting of 1,000,000 circular mils
concentric cable. We found that by making a short
circuit close to the busbar, by driving a spike into the
cable, the first rush of current was 8000 amperes.
When the spike burned out, the current promptly
dropped to about 3000 amperes, and held around that
value for about one minute. Subsequently for quite
a considerable time, I think about eight minutes, the
value of the current was always under 2000 amperes,
so we figured that the reason for that reduction in
current, without any corresponding drop in the voltage
in the bus, was due principally to the arc.

This is an important fact, of great value to engineers
studying systems of distribution.
With regard to the matter concerning high-tension

short circuits, if I am right, I think that the arc voltage
drop in a short-circuited high-tension cable would be
limited to a relatively small percentage of the total
voltage, while on a 240-volt d-c. system, if we have an
80 or 90-volt arc, that will limit the current quite
a great deal. On a high-tension system I imagine that
the arc voltage is in the order of a small percentage of
the total voltage on the circuit, so I believe Dr. Stein-
metz is right in considering the voltage as practically
zero.

H. R. Summerhayes: On page 1263, thecurves
shown give the voltage of the machine during a short
circuit and before the time the switch is opened. I
think that is rather important, as establishing the
relation of the feeder reactor to the circuit breaker,
which was adjacent, and with regard to the setting
time of the relay. That is, these things are interrelated
in that if we have a certain size of reactor, we can use
a circuit breaker which will interrupt a certain current,
and we can set it so that the voltage at any time will
fall below the point which will cause the machines to
drop out of synchronism.

R. E. Dougherty: In my discussion of Dr. Stein-
metz's paper, I mentioned the confusion which exists
in a great many discussions of synchronizing power,
and I think that that point has been illustrated very
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forcibly by the present discussion about it. I will
take first, the question of synchronizing power.
Mr. Woodrow says he does not agree with my defi-

nition. He means that he does not agree with Dr.
Steinmetz's definition. I *did not define it; I said
that we must define it if we are going to talk about
it. Otherwise, we would be talking about different
things. I said that it depends upon what the problem
is, if one is calculating the power received by the cir-
cuit, if that is what one wants to find out, and call
that the synchronizing power, then the relation

r= a/3 is correct, provided however, that the

voltages of the two buses are kept equal to each other.
If the buses under consideration are not kept at the
same potential, then that relation is no longer correct.
With reference to Mr. Johnson's paper, which was

presented some two years ago: if I remember rightly
that was one of the particular instances where the
reactance of the alternators was considered in the
calculation of synchronizing power, and, at the same
time, the assumption was made that the bus voltages
were equal and constant. Obviously if the constant
bus voltages are used in the calculation, the reactance
of the alternator does not enter.

Prof. Jackson said exactly what I tried to say in
my discussion, about the effect of the I2R loss, when it
should be included and when it should not be. In
considering the question of synchronizing power, de-
cide what power you are going to consider, define it,
and then it is perfectly easy to decide what reactance
and what voltage to use. It all depends upon assump-
tions, and for the reason that these assumptions
are not always made clear, there is confusion in the
resu't.
Mr. Torchio brought up a point regarding external

generator reactance that its function is not to protect
the generator but the bus. I think everybody will
agree that it is to protect the bus, but I think you must
also grant that in the case of older machines, par-
ticularly, its function is also to protect the generator.

Prof. Karapetoff and Dr. Jackson, I believe, men-
tioned the desirability of using energy equations
instead of those of volts and amperes in the considera-
tion of these problems. I do not know how Dr.
Steinmetz would answer that point, but I think it
would probably be along this line: the character of
this problem is not one of extreme accuracy, that
is, to define within a few per cent what is going on;
and even if it were, I think it would be impossible to
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do so. It is rather hard to find an answer that will give
some idea of the magnitude of the quantities involved.
Ten per cent or fifteen per cent is not of serious con-
sequence. It may be that if we were considering os-
cillation only, it would be more simple to use the form
of equation which Prof. Karapetoff mentions, but
here the principal problem is not oscillation. This
has not been touched upon to any great extent. The
principal problem is that of alternators slipping by
each other out of synchronism, and how much syn-
chronizing power is available under that condition,
and I question whether it would be advisable in a
problem of this sort to go to the extent of attempting a
rigid solution. The method given in the paper gives
symmetrical equations for all of the conditions and
makes the calculation fairly simple and sufficiently
accurate. It is true that many rather rough assump-
tions are made, but they are justified by the character
of the problem.
Mr. Johnson brought out the difference between

the steam and hydraulic station. There is a real
difference. I think it is true that governors on modern
steam turbines are probably less liab e to 1sustain any
oscillation that may be started than the hydraulic
governors, although I have been told that hydraulic
governors of modern design will not sustain oscilla-
tions. The use of a larger reactance might, after
all, have helped Mr. Johnson in the difficulty which he
experienced. He used 12 per cent reactance and had
serious trouble from oscillation; and as I gather from
his paper there was a fairly close relation between the
natural oscillating frequency of these generators and
the frequency of the hydrualic governor, that period
being of the order of one second. It is not improbable
that if that reactance had been 5 or 6 times as much
instead of the negligible value of 12 per cent compared
with the synchronous reactance of these machines
(thereby changing the relation of the periods), the os-
cillation would have died out of its own weight in-
stead of increasing to a serious magnitude.
Chairman Roper asked about the order of magnitude

of -the synchronizing power during slipping. The
numerical data are given in Dr. Steinmetz's discussion
of Mr. Schuchardt's paper, in which different assump-
tions and calculations are made giving the magni-
tude of this power.


